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The chemolithotrophic ammonia-oxidizing bacterium, Nitrosomonas
europaea, cooxidizes a variety of halogenated hydrocarbons with ammonia
monooxygenase (AMO). The effect of NH4 ÷ and co-substrate (methyl bromide)
concentrations on the rates and sustainability of MeBr cooxidation by cell
suspensions of N europaea (ca. 107 cells m1-1) were determined in the presence and
absence of soil, and compared with those of an enriched native soil population of
ammonia-oxidizing bacteria. In the absence of soil, initial rates of MeBr cooxidation
increased as MeBr additions increased from 0.5 to 10 vimol vial-1, were linear for at
least 6 h, and declined to zero within 24 h. Rates of NO2- production were inhibited
by up to 50%. Despite differences in the initial rates, the same finite amount of MeBr
was transformed (observed transformation capacity (Tc°b) = 22 ilmol mg -1 cell dry
Redacted for Privacy
Redacted for Privacywt). When Me Br was increased to 15 or 20 pinol vial-1, the linear phase of 
cooxidation decreased to ._. 4 h, Telpb decreased (10.3 pmol mg-1), and NO2- production 
was inhibited by 80 to 90%. When formaldehyde (the product of MeBr cooxidation) 
accumulated  0.5 mM, theVb also decreased (13.8 p,mol mg 
1) and NO2- production 
was inhibited __ 50%. Nitrifying activity was enriched in Willamette silt loam ( 250 
- 800 nmol g-1 h-1), and the properties of MeBr cooxidation by the native ammonia-
oxidizers were similar to those of N. europaea. Soil modified NO2- production by N. 
europaea by (i) adsorbing NH4+, thereby decreasing the soil solution NH4+ 
concentration and (ii) lowering the pH from 7.2 to 6.8, thus reducing available 
NH3aq. By increasing the amount of NH4+ four-fold (5.4 to 21.6 gmol g-1), the 
inhibition of NO2 production was alleviated regardless of water content. Under 
saturated conditions the rate of cooxidation of 2.5 and 5 pinol MeBr vial-1 was also 
inhibited by the addition of soil, but the inhibition was only partially alleviated by 
additional NEW. In contrast, under unsaturated conditions, the rate of cooxidation of 
2.5 to 10 p.mol MeBr vial-1 was not affected either by the presence of soil or increase 
in NH4+. ©Copyright by Khrystyne N. Duddleston
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1.1  NH3 and co-substrate (X) oxidation by N. europaea  5 PROPERTIES OF METHYL BROMIDE COOXIDATION BY AMMONIA­
OXIDIZING BACTERIA 
Chapter 1. INTRODUCTION TO THE THESIS 
COOXIDATION 
Cometabolism is defined as the fortuitous transformation of a compound by a 
microorganism that cannot utilize that compound for growth (Dalton and Stirling, 
1982; Alexander, 1994). The term cooxidation, on the other hand, refers specifically 
to the aerobic oxidation of a co-substrate in the presence of another growth-
supporting substrate (Alexander, 1994). Cooxidation is carried out by a large 
number of aerobic microorganisms containing broad-substrate-range oxygenase 
enzymes that oxidize substrates such as toluene, phenol, propane, butane, methane, 
and ammonia for growth (Wackett et al., 1989; Ens ley, 1991; Arp, 1995; Hopkins 
and McCarty, 1995). 
Several hydrocarbon-oxidizing bacteria possess the ability to cooxidize 
halogenated aliphatic hydrocarbons and have received a large amount of research 
attention because of their potential for bioremediation of trichloroethylene (TCE). 
Studies have been conducted to address the ability of native populations to carry out 
cooxidation in soil (Wilson and Wilson, 1985; Fan and Scow, 1993; Fuller and 
Scow, 1995) and to assess the impact of substrate and co-substrate on nutrient 
cycling in soil (Fuller and Scow, 1997). Larger scale field studies have examined the 
effectiveness of cooxidation to ameliorate contaminated sites (Hopkins et al., 1993; 2 
Fries et al., 1997). However, the primary substrates required for growth of 
hydrocarbon-oxidizing bacteria are often flammable and explosive, sometimes 
biocidal, and their volatility and low water solubility make it difficult to control their 
concentrations under most environmental conditions. Secondly, in the specific case 
of the toluene-oxidizing bacteria, a diversity of mechanisms for toluene degradation 
has been elucidated and not all strains are capable of degrading aliphatic halogenated 
hydrocarbons. Indeed, it has been observed that toluene-degraders that don't 
degrade TCE are often enriched over TCE-degrading strains when mixed natural 
communities or cultures are exposed to toluene (Fuller and Scow, 1995; Mars et al., 
1998). In contrast to the hydrocarbon oxidizers, ammonia-oxidizers utilize NH3 as 
their energy source. Ammonium salts are relatively innocuous, can be added in 
accurately controlled amounts, and NH4+ is immobilized temporarily on clay colloids 
without fear of toxicity. 
AMMONIA-OXIDIZING BACTERIA 
The chemolithotrophic ammonia-oxidizing bacteria carry out the oxidation of 
NH3 to NO2-, which is the first step in the overall nitrification of NH3 to NO3-. The 
oxidation of NH3 to NO2- is itself a two-step process. Ammonia-oxidizers contain 
the enzyme ammonia monooxygenase (AMO), a broad-substrate-range oxygenase 
enzyme that is responsible for the reductant-dependent oxidation of NH3 to 
hydroxylamine (NH2OH). The second step involves the oxidation of NH2OH to 
NO2- by the enzyme hydroxylamine oxidoreductase, with the release of four 
electrons. Two of these electrons serve as reductant for subsequent oxidations by 3 
AMO and the other two satisfy the remaining reductant needs of the cell. Ammonia-
oxidizing bacteria grow autotrophically using CO2 as their carbon source, and rely on 
NH3 as their sole source of energy (Bock et al., 1986). Growth of ammonia-oxidizers 
is slow compared to heterotrophic bacteria, with generation times varying from 8 to 
60 h (Bock et al., 1986). 
Utilizing 16S rRNA gene sequences, Head et al. (1993) examined the 
phylogeny of ammonia-oxidizers belonging to the 13-subdivision of the 
proteobacteria and concluded that all of the diversity could be accommodated by 2 
genera, Nitrosomonas and Nitrosospira. The organisms previously classified as 
Nitrosospira, Nitrosolobus, and Nitrosovibrio were included within the genus 
Nitrosospira. Belser and Schmidt (1978) demonstrated that a large serological 
diversity exists among each of the morphologically distinct genera of ammonia-
oxidizing bacteria and Koops and Harms (1985) demonstrated the large number of 
species of ammonia-oxidizers that can exist within a given genus. Although 
Nitrosomonas europaea is the ammonia-oxidizer type-strain upon which the majority 
of physiological and biochemical studies have been conducted (Bock et al., 1986), it 
is not considered the dominant ammonia-oxidizer in soil, but one that responds well 
to enrichment techniques. Belser and Schmidt (1978) found Nitrosospira to be the 
most numerous in soils, with Nitrosomonas being found in lower numbers. They 
speculated that enrichment procedures favored Nitrosomonas over other nitrifiers. 
Later studies showed Nitrosospira to be the most common ammonia-oxidizer in soil, 
lake-water, and sediments, with Nitrosomonas being detected only after amendment 
or enrichment (Hiorns et al., 1995; Hastings et al., 1997). 4 
In addition to the genetic diversity of ammonia-oxidizers, there is significant 
physiological diversity as well. Smorczewski and Schmidt (1991) found 
Nitrosospira co-existing with Nitrosomonas in sediment under aerobic conditions, 
whereas Nitrosomonas dominated after sediments had gone anaerobic. Suwa et al. 
(1994) isolated Nitrosomonas strains from sewage sludge with different sensitivities 
to NH4+. Those strains that showed sensitivity to NH4+ had lower Km values than 
NH4+-insensitive strains, giving them a growth advantage at low NI-14+ 
concentrations. 
Nitrosomonas europaea has been shown to cooxidize a wide range of 
compounds including alkanes, alkynes, and alkenes (Hyman et al., 1988), aromatics 
(Keener and Arp, 1994), and halogenated hydrocarbons (Rasche et al., 1991), via the 
activity of AMO. To date, published studies examining cooxidation of halogenated 
hydrocarbons by ammonia-oxidizing bacteria have focused primarily on determining 
the range of compounds cooxidized by N europaea (Hyman et al., 1988; Rasche et 
al., 1990a, b; Rasche et al., 1991; Hyman et al., 1994; Keener and Arp, 1994). Many 
co-substrates are, in fact, competitive or non-competitive inhibitors of NH4+ 
oxidation and the inhibition kinetics constants have been elucidated (Keener and 
Arp, 1993). During cooxidation, electrons normally consumed in the oxidation of 
NH3 are diverted to co-substrate oxidation (Scheme 1.1).  This in turn prevents the 
formation of NO2-, and thus prevents the generation of the electrons that are 
normally recycled to AMO for subsequent oxidations. In addition to acting as an 
inhibitor of NH3 oxidation and preventing the generation of reductant, cooxidation 
can generate products that are toxic to the cell and/or act as inactivators of AMO 5 
O2 ± 2H+  H2O
 
NH3  NH2OH  NO2 + 5H+ 
2e- H2O  4e­
Terminal oxidase 
X P 
02 ± 2H+ 
Scheme 1.1. NH3 and co-substrate (X) oxidation by N. europaea. 
(Rasche et al., 1991; Hyman et al., 1995). 
In examining the ability of N. europaea to cooxidize a wide range of 
halogenated aliphatic hydrocarbons, Rasche et al. (1991) concluded that although the 
cooxidation of poly-halogenated compounds such as TCE inactivated AMO and/or 
generated products that were toxic to cell viability, the oxidation of mono-
halogenated compounds caused neither inactivation of AMO nor toxicity to the cells 
in short-term assays. Based upon these observations it seems plausible for N. 
europaea to sustain cooxidation of mono-halogenated alkanes if the concentration of 
NH4+ and cosubstrate can be balanced so that electron flow is partitioned between 
cooxidation and energy and reductant generation. 6 
The issue of sustainability of cooxidation has been studied extensively in 
methane-oxidizing bacteria (Alvarez-Cohen and McCarty, 1991a, b and c; Chang 
and Alvarez-Cohen, 1995, 1996). These workers introduced the term 
transformation capacity (Tc), which is defined as the finite amount of a co-substrate 
that can be transformed by a given mass of cells. Initially, Te was defined as being 
specific for a given compound, independent of cell density and co-substrate 
concentration and caused solely by product toxicity (Alvarez-Cohen and McCarty, 
cob) 1991a). Chang and Alvarez-Cohen (1995) introduced the term 'observed Tc' 
to describe specific situations in which a Tc is measured, but product toxicity cannot 
be differentiated from other potentially limiting factors such as reductant depletion. 
A mathematical model was developed to describe Tc6b and lends itself for use with 
other cooxidizing systems (Chang and Alvarez-Cohen, 1995a). Although the factors 
that influence the sustainability of cooxidation of TCE by ammonia-oxidizers have 
been addressed (Ely et al., 1995: Hyman et al., 1995), more studies are needed to 
assess the potential of ammonia-oxidizers for use in the bioremediation of 
contaminants. For example, the majority of studies to date have been conducted over 
short incubations (.  1h) with high cell densities (109- 1011 m1-1). As yet, studies 
have not been conducted at cell densities whose N0i- producing activity is more 
representative of that found in natural systems. Populations of ammonia-oxidizers 
generally range between 103- 106 g-1 of lake and wetland sediment and soil and 
between 103- 108ml-1 in activated sludge (Belser and Schmidt, 1978; Painter, 1986; 
Smorczewski and Schmidt, 1991; Suwa et al., 1994; Bodelier et al., 1996; Waggoner 
and Zuberer, 1996). Gernaey et al. (1997) reported nitrification rates of 2.76 - 5 mg 7 
Na4+-N oxidized L-1 h-1 (200-350 nmol NH4+ m1-1h-1) in activated sludge, whereas 
Rasche et al. (1991) and Hyman et al. (1995) utilized cell suspensions of N. 
europaea with NH3 oxidizing activities 2 to 3 orders of magnitude higher during 
their examinations of halogenated hydrocarbon cooxidation. Experiments carried out 
with cell densities more representative of the size and activity level found in natural 
systems would represent a next step in the direction of evaluating the efficacy of 
cooxidation by ammonia-oxidizers as a bioremediation tool. 
Although virtually all of the studies examining cooxidation by ammonia-
oxidizers have been conducted with N. europaea, a great diversity of ammonia-
oxidizers exists in nature (Belser and Schmidt, 1978; Hiorns et al., 1995), and not 
much is known about the cooxidative capabilities of ammonia-oxidizers other than 
N. europaea. Rasche et al. (1990b) showed that Nitrosolobus multiformis cooxidized 
methyl bromide (MeBr), 1,2-dichloropropane, and 1,2-dibromo-3-chloropropane, 
whereas Nitrosococcus oceanus only cooxidized MeBr. In groundwater microcosm 
studies, NH4+ addition was reported to be the least favorable for stimulating TCE 
biodegradation (Hopkins et al., 1993). Moran and Hickey (1997) on the other hand, 
stimulated degradation of TCE in aquifer sediments by ammonia-oxidizing bacteria 
at mesotrophic and psychrotrophic temperatures. 
Finally, a large body of literature is available that stresses how environmental 
factors influence nitrification (Nommik and Vahtras, 1982; Schmidt, 1982). 
Obviously, many of the factors that influence nitrification in soil will also influence 
cooxidation by ammonia-oxidizers. For example, soil colloids are known to bind 
NH4+, thereby potentially limiting its availability for oxidation to NO2-. The relative 8 
binding of NH4+ and the co-substrate to soil will influence the ratio of substrate 
(NH4+) to co-substrate during cooxidation and affect competition for the active site 
of AMO. Hommes et al. (1998), showed that the influence of soil on pH and on 
NH4+ availability were the main factors affecting NH4 + and co-substrate oxidation by 
N. europaea in soil slurries. In intact soil, cooxidation by ammonia-oxidizers could 
also be influenced by water content. For example, in a study examining the effect of 
soil moisture on nitrification, Stark and Firestone (1995) found that the primary 
effect on nitrification of lowering soil water potential from saturation to 0.6 MPa 
was to reduce NH4+ availability to the ammonia-oxidizers, whereas the primary 
effect of lowering the water content below -0.6 MPa was on cell dehydration. 
METHYL BROMIDE 
Researchers in the Arp laboratory have shown that N. europaea cooxidizes a 
wide range of halogenated aliphatic hydrocarbons, including the soil fumigant MeBr. 
Methyl bromide has gained considerable attention as a source of atmospheric Br2. 
Bromine is 40 to 100x more reactive with ozone than Cl and may be responsible for 
as much as 20% of the Antarctic ozone depletion (Wofsy et al., 1975), and 5 to 10% 
of the current global ozone depletion (UNEP, 1992). Methyl bromide is thought to 
be the main source of atmospheric Br2, and atmospheric levels of 9 to 13 parts per 
trillion MeBr have been measured (UNEP, 1992; Khalil et al., 1993). Sources of 
MeBr include production by marine plankton (Khalil et al., 1993), biomass burning 
(Mano and Andreae, 1994), combustion of leaded gasoline (Mano and Andraea, 
1994), and agricultural fumigation (Yogi et al., 1995). Recent evidence suggests that 9 
the East Pacific Ocean may serve as a net sink for Me Br (Lobert et al., 1995). 
Similarly, soil has also been suggested as a sink for Me Br at atmospheric mixing 
levels via microbially mediated processes (Shorter et al., 1995). 
Methyl bromide exhibits differential effects on nematodes, insects, fungi and 
bacteria, with nematodes and insects being most sensitive (Ebben et al., 1983). The 
majority of studies examining the effect of MeBr on bacterial populations have 
addressed its effectiveness as a commercial, as opposed to agricultural, fumigant (for 
example sterilization of poultry litter or nuts). Gram negative microorganisms are 
generally more sensitive than gram positive, and spores (Bacillus sp.) are most 
resistant (Harry et al., 1972; Harry et al., 1973; Schade and King, 1977; Ramakrishna 
et al., 1991). Agricultural fumigation of soil with MeBr has been shown to reduce 
microbial biomass carbon and phosphorus (Jawson et al., 1993;McCallister et al., 
1997), and fumigation with MeBr appears to reduce microbial populations in soil 
more efficiently than fumigation with chloroform (Powlson and Jenkinson, 1976). 
The average amount of MeBr applied during field soil fumigation is  400 kg 
ha -1 (Rice et al., 1996) injected as a liquid to a depth of 25 to 60 cm. Because of its 
high vapor density and pressure, MeBr exists predominantly in the vapor phase 
under normal temperature and pressure (Yates et al., 1996). After fumigation, MeBr 
vaporizes, sinks and spreads rapidly via pressure driven flow until diluted (Jin and 
Jury, 1995), and then quickly moves through the soil to the surface (Yates et al., 
1996). From 40 to 87% of MeBr may be lost to the atmosphere within 7 d of 
fumigation despite the covering of the fumigated area with a polyethylene tarp (Jin 
and Jury, 1995; Yagi et al., 1993). As a consequence, fumigation is thought to 10 
contribute 15 to 35% of the total atmospheric concentration of MeBr (Khalil et al., 
1993; Gan et al., 1997). For this reason the use of MeBr in the U.S. will be phased-
out by the year 2001 (USEPA, 1993). However, the phase-out of MeBr stands to 
have a great economic impact, and as a consequence much research is being 
conducted to discover replacements for MeBr (Noling and Becker, 1994), and to 
modify fumigation practices to limit loss of the gas to the atmosphere. Among the 
modifications being examined for field applications are injection depth (Gan et al., 
1997), irrigation (Jin and Jury, 1995), and tarp material (Wang et al., 1997a). 
Although MeBr is considered a major air contaminant and only a minor 
surface and groundwater contaminant, measures that limit its release into the 
atmosphere may increase its contribution to the latter (Rice, 1996). The fate of 
MeBr in soil is therefore another area of interest. The abiotic degradation of MeBr 
in soil occurs predominantly through methylation of organic matter (Gan et al., 
1994). MeBr reacts with sulfide and chloride under anaerobic conditions to 
generate methanethiol and methyl chloride, which can be metabolized by 
methanogenic and sulfate-reducing bacteria (Oremland et al., 1994b). Although 
chemical sinks are thought to saturate during field fumigation (Shorter et al., 1995), 
recent studies with impermeable tarps that restricted atmospheric loss to < 15% 
(Wang et al., 1997a) indicated that significant degradation might occur. In addition 
to abiotic degradation of MeBr, the potential for degradation of high levels of MeBr 
by methylotrophic bacteria has been demonstrated (Oremland et al., 1994a; Connell 
et al., 1997) and one recent report exists in which MeBr degradation was 
documented in soils amended with ammonia-fertilizer (Ou et al., 1997). 11 
OBJECTIVES
 
In light of the issues raised in this introduction, the following objectives were 
formulated for my studies to address cooxidation of MeBr by ammonia-oxidizing 
bacteria. 
1.	  To examine the effect of substrate and co-substrate concentration on the rates and 
sustainability of cooxidation by low-cell-density suspensions of N. europaea 
oxidizing NH3 at rates achievable by natural nitrifying populations. 
2. To examine the properties of MeBr cooxidation by an enriched population of 
ammonia-oxidizing bacteria and to compare those characteristics with the low­
cell-density suspensions of N. europaea. 
3. To examine the influence of soil at different water contents on NH4+ and MeBr 
oxidation by N. europaea. 12 
Chapter 2. PROPERTIES OF METHYL BROMIDE COOXIDATION BY 
NITROSOMONAS EUROPAEA 
ABSTRACT 
Methyl bromide (Me Br) cooxidation was examined in low-density 
suspensions (ca. 107 m1-1) of the ammonia-oxidizing bacterium, Nitrosomonas 
europaea. At pH 7.2, in the presence of 10 mM NH4+, the initial rates of cooxidation 
were linear for at least 6 h and increased to a maximum of  2 umol mg -1 dry wt h-1 
as MeBr increased from 0.5 to 10 umol MeBr vial --1 (26 to 520 umol MeBr rl 
aqueous phase). Nitrite production was reduced  50% over this MeBr concentration 
range. Fifteen and 20 umol MeBr vial-1 were cooxidized initially at a similar rate as 
10 umol vial-1, and yet these concentrations inhibited NO2 production by 80 to 90% 
and the cooxidation rate declined in  4 h. Although 20% of the reductant flux 
through ammonia monooxygenase (AMO) was diverted to the cooxidation of 0.5 to 
10 umol MeBr vial-1, the rates of cooxidation could not be sustained, and declined to 
zero in  24 h despite the presence of excess NH4 +. Even though the initial rate of 
MeBr cooxidation increased 3-fold in response to increases in MeBr concentrations 
between 2.5 to 10 umol vial-1, the same total amount of MeBr was oxidized 
regardless of MeBr concentration ( 20 umol MeBr transformed mg 
1  cell dry wt). 
The transformation capacity of N. europaea was substantially less under conditions 
where NH3 oxidation was inhibited by  [mot MeBr vial-1 (10.3 umol mg-1 cell 
dry wt), or under conditions where > 0.5 mM formaldehyde was produced (13.8 13 
fimol mg-1 cell dry wt). Formaldehyde, the product of MeBr oxidation, inhibited 
NH3 oxidation by 50% at 0.5 mM and 90% at 1 mM. 
INTRODUCTION 
Cooxidation is the process whereby a microorganism, in the presence of a 
growth supporting substrate, fortuitously oxidizes a non-growth supporting substrate 
via a non-specific enzyme or cofactor (Dalton and Stirling, 1982; Alexander, 1994). 
Nitrosomonas europaea, a chemolithoautotrophic ammonia oxidizer, cooxidizes a 
variety of compounds including alkanes, alkenes, alkynes (Hyman et al., 1988), 
halogenated hydrocarbons (Rasche et al., 1991; Keener and Arp, 1993), and 
aromatics (Keener and Arp, 1994) via ammonia monooxygenase (AMO). The latter 
is the broad substrate range oxygenase responsible for the oxidation of NH3 to 
hydroxylamine (NH2OH), the first step in the oxidation of NH3 to NO2- (Wood, 
1986). 
To date, published studies on cooxidation of halogenated hydrocarbons by 
ammonia-oxidizing bacteria have focused primarily on determining the range of 
compounds cooxidized by N europaea (Hyman et al., 1988; Rasche et al., 1990a, b; 
Rasche et al., 1991; Hyman et al., 1994; Keener and Arp, 1994) and their associated 
kinetic parameters (Keener and Arp, 1993). The majority of these studies were 
conducted over short incubations  1h) with high cell densities (109 to 1011 m1-1) 
and at pH values (7.8 to 8.0) considered to be optimal for N113 oxidation. As yet, 
studies have not been conducted at cell densities more representative of those found 
in natural systems. For example, populations of ammonia-oxidizers generally range 14 
between 103 to 106 g-1 of lake and wetland sediment (Smorczewski and Schmidt, 
1991; Bodelier, 1996), and soil (Belser and Schmidt, 1978; Waggoner and Zuberer, 
1996), and between 103 to 108m1-1 in activated sludge (Painter, 1986; Suwa et al., 
1994). In addition, althouh rates of nitrification in activated sludge can be as high as 
2.76 to 5 mg NH4+-N oxidized 1:111-1 (200-350 nmol N114+ mr1111) (Gernaey et al. 
1997), Rasche et al. (1991) and Hyman et al. (1995) utilized cell suspensions of N. 
europaea with NH3 oxidizing activities 2 to 3 orders of magnitude higher during 
their examinations of chlorocarbon cooxidation. Furthermore, the studies conducted 
by Rasche et al. (1991) and Hyman et al. (1995) involved short incubation times (10 
to 60 min.) and the sustainability of cooxidation was not addressed. The issue of 
sustainability and the factors that affect it need to be addressed in order to understand 
the long-term effects of cooxidation on ammonia-oxidizers, and to better assess their 
potential for use in the bioremediation of contaminants. 
Methyl bromide (MeBr) is a soil fumigant used for controlling weeds, soil-
borne plant pathogens, and nematodes (Yagi et al., 1993). Methyl bromide has been 
categorized as a Class 1 ozone-depleting chemical by the U.S. Environmental 
Protection Agency and is scheduled for complete phase-out by the year 2001 
(USEPA, 1993). Consequently, alternate practices that reduce the loss of MeBr into 
the atmosphere during fumigation are under investigation (Wang et al., 1997a). Not 
only is the fate of MeBr of some applied significance, it also serves as an excellent 
model for examining the properties of cooxidation by N europaea because the end 
products of its cooxidation (formaldehyde and bromide ions), and the kinetic 
parameters are known (Hyman and Wood, 1983; Rasche et al., 1990b; Keener and 15 
Arp, 1993). As a consequence, the objective of this study was to examine the 
properties of cooxidation of MeBr by cell suspensions of N. europaea (-107m1-1) 
oxidizing NH3 at a rate achievable by native populations of ammonia-oxidizers. 
MATERIALS AND METHODS 
Cell growth and preparation 
Batch cultures (750 or 1500 ml) of N. europaea (ATCC 19718) were grown 
in Erlenmeyer or Fernbach flasks in the dark at 27°C with orbital shaking (150 rpm). 
The growth medium consisted of 25 mM (NH4)2SO4 and other constituents as 
described elsewhere (Hyman and Arp, 1992). Cells were harvested by centrifugation 
(11,000 x g; 15 min) after reaching late exponential phase (3 days), washed twice in 
buffer (50 mM potassium phosphate, pH 7.2), and re-suspended in buffer to an 
OD660 of approximately 1.0. All assays were initiated with aliquots of this cell 
suspension within 1 h of preparation. Epifluorescence microscopic counts of DAPI-
stained cells confirmed that the cell density was approximately 109 m1-1 at OD660 = 
1.0. The dry weight of this stock cell suspension was determined by filtering 3-ml 
volumes of cell suspension through pre-weighed 0.4 ptm pore-size polycarbonate 
filters (Nuclepore, Costar Corp., Pleasanton, CA.). Each filter was rinsed with 3 ml 
of filtered, deionized H2O, dried for 24 h at 80°C, and re-weighed. The average dry 
weight of the cell suspension was 0.32 mg mil. 16 
Preparation of assay vials 
Sterile assay buffer (5 ml) was added to sterile vials (60 ml) and sealed with 
gray butyl stoppers (Kimble, Owens, IL) and aluminum crimp-top seals (Wheaton, 
Millville, NJ). The assay buffer contained 5 mM (NH4)2SO4 (unless otherwise noted) 
and 50 mM phosphate (pH 7.2), prepared by mixing 72 ml K2HPO4 (200 mM) and 
28 ml KH2PO4 (200 mM) and diluting to 400 ml. A stock of MeBr was prepared by 
flushing sealed vials containing 5-10 glass beads for 30 seconds (with periodic 
shaking to disrupt air pockets) with MeBr from a lecture bottle (99.5% pure; 
Matheson Gas Products, Inc. Newark, CA). After an overpressure of gas was 
established in the stock vial, appropriate amounts (0.5  20 !mop of MeBr were 
added to assay vials using gas-tight Hamilton micro-syringes equipped with side 
bore needles. The vials were pre-equilibrated at room temperature (23  25°C) for 
12 h. 
Experiments were initiated by adding 250121 aliquots of cell suspension to 
each vial (unless otherwise noted), resulting in a final cell density of 5 ± 0.3 x 107 
cells m1-1 (16 ± 0.7 I.A.g cell dry wt m1-1). Vials were inverted and incubated in the 
dark at room temperature (23-25°C) on an orbital shaker (75 rpm). 
Analytical procedures 
Methyl bromide cooxidation was measured by following its disappearance 
from the gas phase of the assay vials using a Shimadzu GC-14 gas chromatograph. 
The GC was equipped with a 0.32 x 91 cm stainless steel column packed with 17 
Porapak-Q (80-100 mesh; Waters Associates Inc., Framingham, MA) (120°C) and a 
flame ionization detector (detector and injector = 200°C) interfaced with a Shimadzu 
model CR501 integrator. Methyl bromide retention time was 1.5 minutes. At time 
intervals, 60-200 'al aliquots of headspace were removed from the assay vials with a 
gas-tight Hamilton micro-syringe equipped with a side bore needle. Control vials 
contained cells, NI-14+ (10 mM), and 1% (v/v) acetylene, a specific mechanism-based 
inactivator of AMO (Hyman and Arp, 1992). The amount of MeBr in the vials was 
determined by comparison to standards of known amounts of MeBr prepared in 60­
ml vials containing 5 ml sterile assay buffer. The dimensionless Henry's Law 
Constant (HLC) for MeBr is 0.25 (UNEP, 1992) and approximately 26% of the total 
amount of MeBr added to vials partitioned into the liquid phase during the pre-
equilibration period. This was confirmed with gas chromatography by comparing 
the peak area units of known quantities of MeBr in vials with and without 5 ml assay 
buffer. In all assays the amount of MeBr is expressed as total pmol added to the 
vial, inclusive of that partitioned into the liquid phase. For the purposes of 
comparison, when 0.5, 2.5, 5, 10, 15 and 20 µcool MeBr were added to vials, the 
aqueous phase concentrations of MeBr were 26, 133, 260, 520, 780 p,M and 1 mM 
respectively. 
Ammonia oxidation was determined under the same conditions as MeBr 
cooxidation by monitoring NO2" production colorimetrically as described by 
Hageman and Hucklesby (1971). During time course experiments, 100111 aliquots 
were removed from the sealed vials at 1.5 to 3-h intervals with a syringe. Sub­
aliquots (5-100 IAD were brought to 500 ill with assay buffer and fixed in 1 ml 18 
sulfanilamide (1% w/v in 1.5 N HC1) until analyzed. N (1-napthyl)ethylene 
diamine (1 ml) was added to each sample, color developed for 15 mM, and 
absorbance measured at 540 nm in a Beckman model 34 spectrophotometer 
(Beckman Scientific Instruments, Irvine, CA). Concentrations of NO2 were 
determined by comparison to standards of known concentration. 
Response of MeBr cooxidation to cell density, NH4+, and MeBr concentrations 
An aliquot of N. europaea cell suspension (OD660 = 1) was diluted 10-fold in 
buffer to produce a cell density of approximately 108 m1-1. Aliquots (250 Ill) of 
either the original or the 10 x diluted cell suspension were added to triplicate assay 
vials containing buffer, 10 mM NH4 + and 5 mol MeBr, to produce cell densities of 
5 x 107 m1-1 and 5 x 106 m1-1, respectively. Methyl bromide disappearance was 
followed by gas chromatography. Similar experiments were conducted to determine 
the effect of NH4+ concentrations on cooxidation of MeBr, and to determine the 
effect of MeBr concentrations on the rate of NO2- production and MeBr cooxidation. 
Cells (5 x 107 m1-1; 16 ps dry wt m1-1) were incubated for 6 h either in the presence 
of 5 p.mol MeBr and 0 to 20 mM NI-14+, or incubated with 10 mM NH4 + and 0 to 20 
mol MeBr vial-1. Methyl bromide cooxidation and NO2- production were followed 
as described above. Rates of MeBr cooxidation and NO2" production were calculated 
using the linear regression feature in SigmaPlot 3.0 (Jandel Scientific, San Rafael, 
CA). Correlation coefficients for all regressions were  0.96. Initial rates were 
reported in units of mole (MeBr cooxidized or NO2 produced) mg-1 cell dry wt h-1. 19 
Determination of the sustainability of cooxidation 
To examine the sustainability of MeBr cooxidation, cells (5 x 107 m1-1) were 
incubated with 10 mM NI-14+ and MeBr (2.5 to 10 limol vial"') for 24 to 36 hours. To 
examine the effect of cell density on the sustainability of MeBr cooxidation, 250 and 
500 pl aliquots of N. europaea cell suspension (final density = 5 x 107 and 1 x 108 
cells mrl, respectively) were added to vials and incubated with 10 mM NH4+ and 5 
p,mol MeBr vial-1 for 30 h. To determine if NH4+ limited the sustainability of 
cooxidation, cells (-5 x 107 ml-') were incubated with 10 mM NH4+ and 5 iimol 
MeBr vial'. After 9 h of incubation, vials received either an additional aliquot of 
cells (-5 x 107 ml-') or an additional aliquot of cells and NH4+ (equivalent to 10 
mM). Methyl bromide cooxidation was followed as described above for an 
additional 19h. 
The effect of formaldehyde (the product of MeBr cooxidation) on NH3 
oxidation was examined by following NO2- production in the presence of 0, 0.25, 
0.5, and 1 mM formaldehyde. A stock solution of formaldehyde was prepared by 
adding 600 pi of formalin solution (37% v/v formaldehyde) to 60 ml buffer. 
Aliquots of this stock solution (_ 40 p,1) were added to assay vials to obtain the 
appropriate concentrations of formaldehyde. In order to account for the presence of 
methanol in the formaldehyde assays (formalin solutions contain  13% v/v 
methanol as a stabilizer), controls were incubated with 0.08, 0.15, and 0.3 mM 
methanol. 20 
Residual NO2 production and NH4+- and NH2OH-dependent 02-uptake activity 
after cooxidation of Me Br 
To examine the effect of MeBr cooxidation on the residual activity of N. 
europaea, cells (5 x 107 m1-1) were incubated with 10 mM NH4+ and MeBr (2.5 to 10 
ilmol vial-1) for 24 h. Following incubation, vials were opened and vented for 5 min. 
The cell suspensions were filtered through 25-mm diameter 0.4  .1.in polycarbonate 
filters (Nuclepore, Costar Corp.) and washed free of MeBr by filtering 9 ml sterile 
buffer over the cells, followed by 2 ml of air to expel liquid trapped in the filter unit. 
Control vials were included that did not contain MeBr and were treated exactly as 
those that contained MeBr. 
To determine residual NO2-producing activity, MeBr-exposed cells were 
filtered and placed in 50-ml flasks with 5 ml assay buffer and 10 mM NI-14+ and N0i 
production followed as described above. 
To determine residual 02-uptake activity, filters were placed in 2-ml 
volumes of buffer and the cells washed off with gentle shaking. An aliquot of the 
cell suspension (1.6 ml, 64 j.ig cell dry wt) was added to an 02 electrode chamber. 
After stirring for 3 to 5 min, NH4 + (final concentration 10 mM) was added to the 
chamber and the NW-dependent 02 uptake rate was measured over a 2 to 5 min 
interval. Ammonium-dependent 02 uptake was halted by the addition of 1-ally1-2­
thiourea (ATU, 0.1 mM, final concentration), a reversible inhibitor of AMO (Lees, 
1952). Subsequently, NH2OH-dependent 02 uptake was measured after addition of 
NH2OH (0.6 mM, final concentration) to the chamber. 21 
RESULTS
 
N. europaea suspended to a density of 5 x 107 cells m1-1 (16 ps cell dry wt 
m1-1) produced NO2- at rates that ranged between 200-400 nmol m1-1 h-1. These rates 
were generally constant for up to 12 h. The initial rate of oxidation of 10 mM NH4+ 
was the same at pH 7.2 and 7.8, indicating that pH 7.2 did not limit the activity of N. 
europaea at the cell density used in this experiment (Fig. 2.1). The rate of NO2­
production by this cell density was similar to rates measured in native populations of 
ammonia-oxidizers after enrichment of soil slurries with NH4+ (125 to 400 nmol 
NO3" produced m1-1 soil slurry h-1; see Chapter 3). 
Response of Me Br cooxidation to cell density and NH4+ concentration 
N europaea suspended to a density of 5 x 107 ml-1 cooxidized approximately 
20% of 5 [tmol MeBr vial-1 at a linear rate over a 4 h incubation period (Fig. 2.2). 
Cooxidation of MeBr (51.1,mol vial-1) by cell densities < 107ml-1 could not be 
detected. The initial rate of cooxidation of 5 Innol MeBr by N europaea (5 x 107 
cells m1-1) was insensitive to concentrations of NH4+ between 2.5 and 10 mM (Table 
2.1). Under these assay conditions, MeBr cooxidation could not be detected at 1 mM 
NH4+, presumably because NH3 oxidation was rate-limited by NH3 availability. At 
pH 7.2, the rate of oxidation of 1 mM NH4+ is only 10% of the maximum rate (data 
not shown). At 1 mM, NH4+ is in equilibrium with 101AM NH3  a concentration 
significantly below the Km of NH3 for AMO ( 30 - 40 vtM; Hommes et al., 1998; 
Hyman and Wood, 1984). Cooxidation of MeBr did not occur either 22 
Figure 2.1. The effect of pH on NO2- production by N. europaea. Cells were 
incubated in the presence of 10 mM NI-14+ at pH 7.2 () or pH 7.8 (0) and NO2 
measured as described in Materials and Methods. Error bars represent the standard 
deviation of 3 analytical replicates. 23 
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Figure 2.2. The cooxidation of Me Br by different cell densities of N. europaea. 
Cells were suspended to a density of 5 x 107m1-1 () or 5 x 106m1-1 (A) and 
incubated as described in Materials and Methods. Open symbols represent cells 
incubated with 1% (v/v) acetylene. Error bars represent the standard deviation of 3 
analytical replicates. MeBr (5 wriol) was added to the vials and pre-incubated for 12 
h to allow MeBr to partition between liquid (5 ml) and gas (55 ml) phases. Twenty-
six percent of the MeBr partitioned into the liquid phase resulting in an aqueous 
concentration of approximately 260 p.M. 25 
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Table 2.1. Influence of NH4+ concentrations on MeBr cooxidation by 
N. europaea 
Rate (p,mole mg-1 cell dry wt 11-1)a 
NH4+ (MM) 
Experiment #1  Experiment #2 
0 0  0 
1  N.D.b  0 
2.5  N.D.  2.3 
5  1.7  2.0 
10  1.7  2.3 
20  1.4  N.D. 
a Initial amount of MeBr added was 51.tmol vial-1. Twenty-six percent 
of added MeBr partitioned into the liquid phase resulting in an aqueous 
phase concentration of 260 µM. 
D Not determined. 27 
in the presence of 1% (v/v) acetylene (not shown) or in the absence of NH4, ± 
confirming that the transformation of MeBr by N europaea was a result of AMO 
activity and was not supported by endogenous reductant under these incubation 
conditions. 
Response of cooxidation to the amount of MeBr 
The initial rate of MeBr cooxidation increased with increasing amounts of 
MeBr up to 5 to 10 gmol vial-1, and the rate of NO2- production declined to 
approximately 50% of the control value (Table 2.2). Rates of MeBr cooxidation 
were linear over at least the first 6 h of incubation when the amount of MeBr was 
10 gmol vial-1. Although the initial rates of cooxidation of 15 and 20 gmol MeBr 
vial-1 were similar to the rate measured at 10 gmol vial-1, at these concentrations the 
rates of cooxidation could not be sustained for more than 4 and 1-3 h, respectively. 
Furthermore, the rates of NO2- production were substantially reduced to 10 to 20% of 
the control value by 15 and 20 gmol MeBr vial-1. The ratio of the rate of MeBr 
cooxidation to NO2" production increased from 0.02 to 0.2 as MeBr was increased 
from 0.5 to 10 gmol MeBr vial-1, and increased further to approximately 0.4 in the 
presence of 15 and 20 gmol MeBr vial-1. 
Sustainability of MeBr cooxidation over time 
Although the rates of cooxidation of 2.5 to 10 gmol MeBr vial-1 were linear 
for at least the first 6 h of incubation, they deviated from linearity when the 28 
Table 2.2. Influence of MeBr concentration on MeBr cooxidation 
and NO2- production by N. europaeaa 
MeBr  Rate (pmole mg-1 cell dry wt 11-1)b
 
(pmol)
 
NO2- production  MeBr cooxidation
 
0  23.2 (20-26.9)c 
0.5  25.6d  0.5 (0.2-0.8) 
2.5  14.9 (11.8-19.0)  0.9 (0.6-1.1) 
5  10.4 (9.3-11.3)  1.6 (1.1-2.3) 
10  9.8 (6.9-12.3)  2.3 (1.8-2.6)
 
15e  4.2 (1.3-8.2)  2.9 (1.5-4.4)
 
20f  2.3 (1.5-2.9)  1.7 (1.5-2.9)
 
a All assays contained 10 mM NMI+.

b Rates are means of 3 or more experiments unless stated otherwise. Rates were
 
determined over the first 6 h of incubation unless otherwise noted.
 
C Values in parentheses represent the range for 3 or more experiments.
 
d Mean of 2 experiments.
 
e Rates (determined during the linear phase) were linear for only 4 h.

f Rates (determined during the linear phase) were linear for only 1-3 h.
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incubation period was extended. Furthermore, even though the initial rates of 
cooxidation of MeBr increased in response to increases in MeBr concentration, the 
total amount cooxidized was similar regardless of the initial concentration ( 1.7 
pmol; Table 2.3). When 5 pmol MeBr was incubated with two different cell 
densities of N europaea, (lx = 16 gg m1-1, 2x = 32 ps m1-1) the total amount of 
MeBr cooxidized was proportional to the quantity of cells in the incubation vials 
(Fig. 2.3A). The average amount of MeBr cooxidized was calculated to be 20 pmol 
MeBr mg-1 cell (dry wt) (Table 2.2, Fig. 2.3). A slightly different version of the 
above experiment showed that vials receiving neither supplemental cells nor NI-14+ 
after 9 h incubation cooxidized 1.5 gmol MeBr over 24 h, whereas vials that 
received supplemental cells cooxidized 2.5 pmol MeBr regardless of an NH4+ 
supplement (Fig. 2.3B). 
Chang and Alvarez-Cohen (1995) developed a mathematical expression to 
describe the observed transformation capacity (Tc6) of methanotrophs cooxidizing 
chlorinated hydrocarbons. The data presented in Fig. 2.3B were fit to the model 
using the least squares option in Micromath Scientist Experimental Data Fitting 
software (Salt Lake City, UT) (Fig. 2.4). The model was fit to allow for an 
estimation of the initial rate of cooxidation (cc') and the Tc°1) with a resulting 
coefficient of determination of 0.99. We calculated le to be 1.7 gmol mg-1 h-1 and 
Tcth to be 25 pmol mg 1. The estimated initial rate (le) was 2.3 gmol mg-1 h-1, with 
a 95% confidence interval of 2.1-2.5. The estimated Tc°1) was 28 gmol mg-1, with a 
95% confidence interval of 27-30. 30 
Table 2.3. Total Me Br cooxidized by N. europaea in the presence of 10 
mM NH4+ 
Me Br  Tca 
Me Br  transformed  (ilmol Me Br 
(iAmol)  (vtmol)  transformed mg-1 cell 
dry wt) 
2.5  1.67 (0.04)b  20.7 (0.6) 
5  1.80 (0.04)  22.3 (0.6) 
10  1.67 (0.1)  21.0 (1.7) 
a Transformation capacity. Determined when rates of cooxidation 
reached zero (after 24 to 36 h incubation) by subtracting the amount of 
Me Br remaining from that which was present at time 0 h.
b Values are means of 3 analytical replicates. Values in parentheses are 
standard deviations. 31 
Figure 2.3. Time course of Me Br cooxidation by N. europaea. (A) Cells were 
suspended to 16 () and 32 (A) pg cell dry wt m1-1 and incubated with Me Br (5 
pmol vial-1) as described in Materials and Methods. (B) N. europaea cells (16 pg cell 
m1-1; 80 pg cell dry wt total) were incubated with Me Br. After 9 h of incubation 
vials received either another aliquot of cells (80 pg) (V), an aliquot of cells and 10 
mM NI-14+ (), or received no supplement (). Controls (0) contained 16 pg cell dry 
wt m1-1 and 1% (v/v) acetylene. Error bars represent the standard deviation of 3 
analytical replicates. 32 
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Figure 2.4. The fit of the Chang and Alvarez-Cohen model to describe observed 
transformation capacity of Me Br cooxidation by N. europaea. The model 
described by Chang and Alvarez-Cohen (1995) was fit to the Me Br cooxidation data 
from figure 3B for vials that did not receive either supplemental cells or NH4+. 
Symbols represent the data from Figure 3B. The solid line represents the fit to the 
model. Me Br (5 umol) was added to the vials and pre-incubated for 12 h as 
described in the legend to Fig. 2. Methyl bromide is expressed as the total p.mol 
added to the vial divided by the liquid volume of the assay as necessitated by the 
model. 34 
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When cells of N. europaea were suspended to 5x the normal cell density (400 1.ig 
total dry wt.) and cooxidation of 10 vunol MeBr vial-1 was followed over time, a 
total of 5.4 iimol MeBr was cooxidized in the presence of either 10 or 20 mM NI-14+, 
resulting in a Tc°1) of 13.4 ± 0.7 pinol mg-1 cell dry wt (Fig. 2.5). Control vials 
containing cells suspended to 5 x 107 cells m1-1 (80 p,g total dry wt.) cooxidized a 
mg' total of 1.93 innol and expressed a Tc°b 24 ± 2 pmol mg cell dry wt. Evidence was 
obtained which indicates that formaldehyde, the product of MeBr cooxidation, might 
be the cause of the lowered Tc°b observed at higher cell densities. The turnover of 
1.93 and 5.4 pmol MeBr produces 0.38 mM and 1.1 mM of formaldehyde, 
respectively. The rate of NO2" production was inhibited by 50% in the presence of 
0.5 mM formaldehyde, and by 90% in the presence of 1 mM formaldehyde (Fig. 
2.6). 
Effect of MeBr cooxidation on residual activity of N. europaea 
After incubation of N europaea with 0 to 10 i.mol MeBr vial-1 for 24 h, cells 
were filtered, washed free of MeBr, and residual NO2" production and NH4+- and 
NH2OH-dependent 02 uptake were measured. Cells incubated for 24 h with 2.5 to 
10 iimol MeBr vial-1 had lost 80% of their NO2- producing activity (Fig. 2.7) and 
NH4+-dependent 02 uptake activity (Table 2.4). Less NH2OH-dependent 02 uptake 
activity was lost (20-30%) during the same incubations (Table 2.4). 36 
Figure 2.5. The dependence of transformation capacity on the density of N. 
europaea. MeBr depletion was followed in treatments containing 16 () or 80 lig 
(0) cell dry wt m1-I and 10 mM NH4+, or 80 lig cell ml -' and 20 mM NH4+ (A). 
Control vials contained 161.1g cell m1-1 and 1% (v/v) acetylene (). Error bars 
represent the standard deviation of 3 analytical replicates. MeBr (10 [tmol) was 
added to each vial and pre-incubated for 12 h to allow MeBr to partition between 
liquid (5 ml) and gas (55 ml) phases. Twenty-six percent of the MeBr partitioned 
into the liquid phase resulting in an aqueous concentration of approximately 520 IAM. 37 
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Figure 2.6. The effect of formaldehyde on NO2 production by N. europaea. 
Cells were incubated with 10 mM NH4+ and 0 (), 0.5 () and 1 (A) mM 
formaldehyde. Error bars represent the standard deviation of 3 analytical replicates. 39 
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Figure 2.7. Residual NO2 production after incubation of N. europaea with 
MeBr. Cells were pre-incubated with various amounts of MeBr for 24 h, washed 
and resuspended in buffer with 10 mM NH4+, and NO2- production followed as 
described in Materials and Methods. Cells were pre-incubated with 0 (), 2.5 (), 5 
(), and 10 () µcool MeBr. MeBr was added to the vials and pre-incubated for 12 
h to allow MeBr to partition between liquid (5 ml) and gas (55 ml) phases. Twenty 
six percent of the MeBr partitioned into the liquid phase resulting in aqueous 
concentrations of approximately 133, 260 and 52011M respectively. 41 
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Table 2.4. Effect of incubation with Me Br on residual NH4+- and NH2OH­
dependent oxygen uptake by N. europaea 
02 uptake (nmol min-1)a 
Me Br 
(umol vial-')  NI-14+­ NH2OH­
dependent  dependent 
0  23.9 (2.9)b  7.6 (0.9) 
2.5  7.5 (0.9)  6.0 (0.6) 
5  4.1 (0.9)  5.3 (0.2) 
10  2.9 (0.8)  5.5 (0.3) 
a Oxygen uptake determined after incubation for 24 h with 10 mM NH4 +
 
and Me Br as described in Materials and Methods.
 
b Rates are means of 3 or more replicate experiments and values in
 
parentheses are standard deviations.
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DISCUSSION 
A variety of monooxygenase-containing bacteria possess the ability to 
cooxidize halogenated aliphatic hydrocarbons (Arp, 1995). Of these organisms, the 
ammonia-oxidizers are the least well studied. At first glance it might seem that 
ammonia-oxidizing bacteria would be unsuitable for consideration as bioremediation 
agents because they have a reputation of being slow growing and difficult to culture 
(Prosser, 1989, Schmidt and Belser, 1994). Nevertheless, the process of nitrification 
occurs at significant rates in a variety of microbiologically and chemically complex 
environments (Suwa et al., 1994; Bodelier et al., 1996; Gernaey et al., 1997). 
Several observations were made in this study that will be discussed in relation to 
other published findings on cooxidation by N. europaea, specifically, and by 
monooxygenase-containing bacteria, generally. 
In examining the ability of N. europaea to cooxidize a wide range of 
halogenated aliphatic hydrocarbons, Rasche et al. (1991) concluded that the 
cooxidation of polyhalogenated compounds such as TCE, inactivated AMO and/or 
generated products that were toxic to cell viability. In contrast, oxidation of mono-
halogenated compounds caused neither inactivation of AMO nor toxicity to the cells 
in short-term assays (Rasche et al., 1990a; Rasche et al., 1991). Furthermore, Keener 
and Arp (1993) showed that halogenated alkanes may act as either competitive or 
noncompetitive inhibitors of NH3 oxidation. Based upon these observations it 
seemed reasonable to determine if sustained cooxidation of mono-halogenated 
alkanes by N europaea might be achieved. Although concentrations of MeBr were 
identified that could be oxidized while permitting NO2- production to occur at 44 
approximately 50% of the control, cooxidation could not be sustained for > 24 h 
under our assay conditions. 
Chang and Alvarez-Cohen (1995) introduced the term 'observed 
transformation capacity' (Tc°b) to describe the situation where a specific amount of a 
halogenated aliphatic compound is transformed by a unit mass of methanotrophic 
cells without discriminating between the contributing factors. The Tcth was found to 
be specific for individual compounds and independent of cell density (Chang and 
Alvarez-Cohen, 1995). The VI' reported in this study for MeBr cooxidation by N 
europaea (-22 ilmol mg-1 cells) was similar to the Tc values obtained for 
cometabolism of methyl chloride by the methane-oxidizing bacteria CAC1 and 
Methylosinus trichosporium OB3b (36 and 46 [tmol mg-1 cell dry wt., respectively; 
Chang and Alvarez-Cohen, 1996). If the loss of activity of N europaea was due to 
mechanism-based inactivation of AMO, then the transformation capacity of cells 
would be independent of cell density (Chang and Alvarez-Cohen, 1995). However, 
evidence was obtained to indicate that VI' was influenced by cell density, and might 
be related to the amount of product (formaldehyde) generated. Although Rasche et 
al., (1991) found no evidence that acetaldehyde, the end-product of chloroethane 
cooxidation, inactivated NH3 oxidation in short term studies, there is a report that the 
product of MeBr cooxidation, formaldehyde, inhibits NH4+ oxidation by N europaea 
(Voysey and Wood, 1987). My data show that when formaldehyde accumulated to 
0.5 mM, NH3 oxidation was impaired by > 50%. Because I have shown that MeBr 
cooxidation cannot be sustained when NO2 production is reduced to < 20% of its 
control rate (Table 2), then Tc°b of MeBr may be reduced if sufficient cells are 45 
present to generate 0.5 mM formaldehyde. Although formaldehyde is generally 
toxic to cells because it is a potent alkylating agent of nucleic acids and proteins, my 
data also indicate that AMO may be more sensitive to formaldehyde than 
hyroxylamine oxidoreductase (HAO) and the rest of the electron transport chain 
(Table 2.4). Recently, VAN Hylckama Vlieg et al., (1998) found that either specific 
inactivation of MMO or general cell death could account for the loss of cooxidative 
activity by M trichosporium OB3b, and the relative importance of the two depended 
upon the products generated from the specific halogenated hydrocarbon being 
transformed. 
Because my work clearly shows a cell density-dependent metabolic 
inactivation of NH3 oxidizing activity, it is curious that a Tc°b model incorporating 
cell density-independent inactivation would fit the MeBr cooxidation data. This 
discrepancy can be explained by the assay conditions. Over a lengthy incubation 
with a slow rate of cooxidation measured at 3-h intervals, the model was able to fit a 
non-linear curve through the data despite an initial linear phase of cooxidation. The 
linear nature of the initial rate of MeBr cooxidation by N europaea was confirmed 
by sampling and analyzing MeBr at shorter time intervals (1 to 1.5 h). 
Finally, the data are worthy of comment in the context of the use of MeBr as 
a soil fumigant, and the possibility that ammonia-oxidizers might degrade soil-
applied material. A typical application of MeBr for field fumigation is  400 kg ha-1 
injected to a depth of 25 cm (Rice et al., 1996). If soil porosity is assumed to be 
55%, this rate translates to 3 umol MeBr mr1 of soil pore space. Assuming a soil 
water content of 30% and a dimensionless Henry's constant = 0.25 (UNEP, 1992), 46 
the Me Br concentration equals 4 to 5 tunol m1-1 soil solution. This value is about 4 
to 5 times larger than the highest aqueous phase concentration at which Me Br 
oxidation was measured in this study, and about 10 times larger than the aqueous 
phase concentration at which Me Br oxidation could be sustained. Further work is 
required to determine if ammonia-oxidizing bacteria can contribute to Me Br 
degradation under field conditions. 47 
Chapter 3. ENRICHMENT OF NITRIFICATION ACTIVITY IN
 
SOIL AND SUBSEQUENT COOXIDATION OF HALOGENATED
 
HYDROCARBONS
 
ABSTRACT 
Nitrification was stimulated in a Willamette silt loam soil by incubating 
Ca(OH)2-amended soil (pH 7.0 ± 0.2) at field capacity (270 g H2O kg -1 soil) with a 
supplement of 10 prnol NH4+ g-1 soil. After a 4- to 6-day lag, NO3- production 
averaged 58 nmol NO3- g-1 h-1 over the next 5 to 6 d until the NH4+ was depleted. 
Soil slurries (2:1 vol/wt water:soil) prepared with the NH4+-enriched soil, oxidized 
NH4+ at a rate of 68 nmol g-1 soil 11-1 (34 nmol mil soil slurry h-1), which is 
equivalent to a rate generated by 5 x 106 cells mr1 of N. europaea. Although there 
was insufficient NH3-oxidizing activity in the slurries to measure methyl bromide 
(MeBr) cooxidation, the rate of NO3- production was increased another 5- to 15-fold 
by incubating the NH4+-enriched soil under slurry conditions with regular 
supplements of NE4+ and alkali to maintain 10 gmol NH4+ m1-1 soil slurry and pH 
7.2, respectively. After 12 or 13 d of slurry enrichment, nitrification activity had 
increased to 250 to 800 nmol NO3- produced g-1 soil h-1 regardless of whether buffer, 
growth medium, or water were used to form the slurry. Cooxidation of MeBr was 
detected in these slurry enrichments with the rate increasing 5-fold over a 
concentration range of 0.5 to 10 llmol MeBr viarl, and reaching a maximum value of 
20 nmol mil soil slurry 111. Chloroethane (CE) was also cooxidized with the rate 
increasing 3.5-fold over a concentration range of 0.5 to 2 .xmol CE vial-1. Ammonia-
oxidizers are implicated in these transformations because acetylene, a mechanism 48 
based inactivator of ammonia monooxygenase, prevented cooxidation of both MeBr 
and CE. Furthermore, MeBr or CE oxidation was not detected in slurries incubated 
without NH4+ supplements. Although the cooxidation rates of 5 and 10 gmol MeBr 
vial-1 were linear for at least the first 6 h of incubation, they decreased to zero within 
20 h of incubation. The rates of cooxidation and the transformation capacity of the 
slurry enrichments ( 1 gmol MeBr m1-1 soil slurry) were similar to values measured 
previously in cell suspensions of N europaea with similar rates of NH4+ oxidation. 
INTRODUCTION 
Ammonia-oxidizing bacteria are responsible for the first step in nitrification, 
the oxidation of NH3 to NO2- (Wood, 1986). Nitrite is subsequently oxidized to 
NO3- by a phylogenetically distinct group of bacteria, the nitrite-oxidizers. 
Ammonia-oxidizers contain the enzyme ammonia monooxygenase (AMO), a broad 
substrate range oxygenase responsible for the oxidation of NH3 to NH2OH. The 
ability of the ammonia-oxidizer type strain Nitrosomonas europaea to cooxidize a 
wide range of halogenated and non-halogenated hydrocarbons, via the action of 
AMO, has been studied extensively (Hyman et al., 1988; Rasche et al., 1990a,b; 
Rasche et al., 1991; Keener and Arp, 1993; Hyman et al., 1995). Although virtually 
all of the studies examining cooxidation by ammonia-oxidizers have been conducted 
with N europaea, a great diversity of ammonia-oxidizers exists in nature (Belser and 
Schmidt, 1978; Hiorns et al., 1995). Little is know about the cooxidative capabilities 
of ammonia-oxidizers other than N europaea. Although Rasche et al. (1990b) 
showed that Nitrosolobus multiformis cooxidized methyl bromide (MeBr), 1,2­49 
dichloropropane, and 1,2-dibromo-3-chloropropane, and Nitrosococcus oceanus 
cooxidized Me Br, few studies have examined the cometabolic activity of native 
ammonia-oxidizer populations. Ammonium was reported to be the least favorable 
substrate for stimulating TCE biodegradation in groundwater microcosm studies 
(Hopkins et al., 1993). Moran and Hickey (1997) on the other hand, stimulated 
ammonia-oxidizing bacterial to degrade TCE in aquifer sediments by supplementing 
with NH3. 
Methyl bromide is a soil fumigant widely used in agriculture. Nevertheless, 
because it is a class 1 ozone depleter, its use as a fumigant is to be terminated in the 
U.S. by the year 2001 (USEPA, 1993). The economic implications of MeBr phase 
out have spurred investigations of fumigation methods that would decrease the loss 
of MeBr into the atmosphere (Wang et al., 1997a). Bacterial degradation of MeBr 
has been shown in soil, sediments and water under both oxic and anoxic conditions 
(Oremland et al., 1994a, b; Conell et al., 1997; Hines et al., 1998) and one report 
exists in which MeBr disappearance was examined in soil amended with NH4+ 
fertilizer (Ou et al., 1997). The purpose of this study was to determine if a natural 
soil population of ammonia-oxidizers will cooxidize MeBr, and to determine what 
degree of enrichment is required to achieve reasonable rates of cooxidation. In the 
previous chapter I showed that N. europaea cooxidized significant quantities of 
MeBr at cell densities that oxidize NH3 at rates achievable by enriched natural 
populations. Therefore, I wanted to compare the properties of MeBr cooxidation by 
native populations with those ofN. europaea. 50 
MATERIALS AND METHODS
 
Collection and preparation of soil 
Soil was collected from the North Willamette Research and Extension Station 
in Aurora, OR. The soil is classified as a Willamette silt loam (fine-silty, mixed, 
mesic, pachic Ultic Haploxeroll) in the soil survey of Clackamas County, OR. The 
soil is composed of 33.1, 53.5 and 13.4% (w/w) sand, silt, and clay -size particles, 
respectively, contains 1.8% organic carbon, and has a cation exchange capacity of 15 
cmol kg -1 soil. Surface soil (0-20 cm) was collected and stored at 4°C and used 
within 3-5 months of collection. Because the soil was slightly acidic (pH 6.0  6.2) 
soil pH was raised by adding Ca(OH)2 (3 g kg -1 soil) to air dried soil, adjusting the 
water content to 135 g H2O kg-1 soil (FC = 270 g H2O kg-1 soil), and equilibrating 
the at room temperature (23 to 25°C) for 24 h. 
Analytical procedures 
Ammonium was extracted from soil samples in 2M KC1, volatilized, and 
determined colorimetrically with Nessler's reagent (Burns, 1972). Briefly, samples 
of KC1 extract (5 ml) are placed in glass vials (30 ml) and 1 ml of saturated K2CO3 
added. Vials are stoppered with black rubber stoppers containing sanded glass rod 
wicks coated with concentrated H2504. Ammonia diffuses into the vial headspace 
and is trapped on the wick. After 3 h, the wick is removed and dipped into a solution 
of Nessler's reagent (0.03 M KI plus 0.011 M HgI stabilized with 0.175% (w/v) 51 
gum ghatti). Ammonium was measured spectrophotometrically at 490 nm after 
color developed for 30 min. Concentrations of NH4+ were determined by 
comparison to standards of known NH4+ concentrations that had gone through the 
micro-diffusion step. 
Nitrite was determined as described by Hageman and Hucklesby (1971). 
Following extraction and centrifugation, aliquots  500 pl) of supernatant were 
brought to 500 pi with 2M KC1 and fixed in 1 ml sulfanilamide (1% w/v in 1.5 N 
HC1) until analyzed. N (1-napthyl)ethylene diamine (1 ml) was added to each 
sample, color allowed to develop for 15 min and absorbance measured 
spectrophotometrically at 540 nm in a Beckman model 34 spectrophotometer 
(Beckman Scientific Instruments, Irvine, CA). Concentrations of NO2 were 
determined by comparison to standards of known concentration. 
Nitrate was measured using the Szechrome reagent (Polysciences Inc., 
Warrington, PA). Following extraction and centrifugation, aliquots  500p1) of 
supernatant were brought to 500 pi volume with 2M KC1. Szechrome reagent (5 ml) 
was added, color allowed to develop for 30-60 min and absorbance measured 
spectrophotometrically at 570 nm. Concentrations of NO3" were determined by 
comparison to standards of known concentration. 
Methyl bromide cooxidation was measured by following its disappearance 
from the gas phase of sealed glass vials (as described below) using a Shimadzu GC­
14 gas chromatograph. The GC was equipped with a 0.32 x 91 cm stainless steel 
column packed with Porapak-Q (80-100 mesh; Waters Associates Inc., Framingham, 
MA) (120°C) and a flame ionization detector (detector and injector = 200°C) 52 
interfaced with a Shimadzu model CR501 integrator. At time intervals 60-2001A1 
aliquots of headspace were removed from the assay vials with a gas-tight Hamilton 
micro-syringe equipped with a side-bore needle. The amount of MeBr was 
determined by comparison to standards of known amounts of MeBr. 
Nitrification assays 
Samples (5 g) of Ca(OH)2-amended soil (pH 7.2) were placed in glass vials 
(30 ml) and the H2O content raised to field capacity (270 g H2O kg-1 soil dry wt) 
with the addition of a solution of (N1-14)2SO4 sufficient to provide 10 gmol NH4+ g 
soil (dry wt). Vials were stoppered with red butyl stoppers (Wheaton, Millville, NJ) 
and incubated in the dark at room temperature (23-25°C). At time intervals the soil 
contents of triplicate vials were extracted with 2 M KC1 (50 ml) by shaking for 1 h at 
room temperature on an orbital shaker (150 rpm). Following extraction, soil was 
allowed to settle for 30 min, centrifuged, and samples of supernatant analyzed for 
NH4+, NO2-, and NO3- as described above. Soil pH was measured in a 2:1 water:soil 
(v/w) slurry. Control vials were included that did not receive NH4+, or received 
NH4+ and acetylene (1% v/v), a mechanism-based inactivator of AMO (Hyman and 
Wood, 1986). 
Enrichment of ammonia-oxidizing bacteria in soil 
Ca(OH)2-amended soil (200 to 400 g dry wt) was brought to field capacity 
with an NH4+ solution (10 gmol NH4 + g-1) and incubated at room temperature (23 to 53 
25°C) in the dark for 10 to 12 days. The soil was gently leached to remove NO3- as 
described by Schmidt and Belser (1994). Briefly, the soil was transferred to a 
porcelain funnel (110 mm diameter) containing a Whatman #2 filter paper circle. 
Another filter paper circle of the same size was placed over the soil and de-ionized 
H2O (200 to 400 ml) was added. After a 4-h period of soaking, the water was 
allowed to drain by gravity (approximately 20 min), followed by application of 
moderate suction (-15 kPa) to remove additional water. After this treatment, the 
water content of the soil was determined to be 270 g H2O kg' soil (dry wt). 
Slurry preparation 
Slurries (2:1 vol/wt water:soil) were prepared by placing 100 or 200 g 
samples of leached soil into 500-1000 ml Erlenmeyer flasks with 200 to 400 ml of 
either de-ionized water, buffer, or growth medium amended with 10 iimol NH4+ ml"' 
slurry. Control slurries were prepared without supplemental NH4 +. Slurries were 
incubated at room temperature (23 to 25°C) in the dark with orbital shaking (100 
rpm). Samples (1 ml) were removed for NO3- determination at approximately 2 to 3 
day intervals for the first 4 to 6 days, followed by sampling at 1 to 2 day intervals 
thereafter. Samples of slurry were centrifuged to remove soil and NO3- was 
determined as described above. After approximately 100 h of incubation, the pH 
was monitored and adjusted periodically to pH 7.2 with 10 M KOH. After 200 h of 
enrichment, daily pH adjustment was required. Slurries were amended periodically 
with aliquots of 0.5 M (NH4)2SO4 to maintain the concentration of NH4+ at 
approximately 10 mM. 54 
Cooxidation assays 
Slurries amended with NH4+ generally achieved rates of NH4+-dependent 
NO3- production that ranged between 125 to 400 nmol NO3- m1-1 soil slurry h-1 (250 
to 800 nmol g-1 soil h-1) within 10 to 14 days of incubation. To prepare enrichments 
for cooxidation assays, slurries received a final amendment of NH4+ (within 24 h of 
conducting cooxidation assays unless otherwise noted) and were adjusted to pH 7.2 
with 10 M KOH (at the time of assay vial preparation). While the slurry was stirred 
vigorously to ensure homogeneous mixing, aliquots (5 ml) of slurry were transferred 
to 60-ml serum vials using wide-tipped 10-ml pipettes. The vials were stoppered 
with gray butyl rubber stoppers and sealed with aluminum crimp top seals. Control 
vials containing 5-ml aliquots of slurry were sterilized by autoclaving for 30 min and 
cooled prior to sealing. Additional controls included: i.) non-sterile slurries 
incubated in the presence of 1% (v/v) acetylene, ii.) aliquots of slurry taken from 
enrichments prior to their receiving the final NH4+ amendment, and iii.) aliquots of 
slurry taken from suspensions that had never received additions of NH4+. To these 
vials various amounts of MeBr (0.5 to 20 lamol) were added using a gas-tight 
Hamilton micro-syringe equipped with a side-bore needle. Vials were incubated at 
room temperature (23 to 25°C) in the dark with shaking (100 rpm). 
The assays were initiated by the addition of MeBr to the vials and allowing 
30 min for MeBr to equilibrate between the gas and liquid (slurry) phase before 
sampling commenced. Cooxidation of MeBr was measured by following its 
disappearance from the vial headspace using gas chromatography as described 
above. Samples of vial headspace (60 to 2001.t1) were injected into the GC using 55 
gas-tight Hamilton micro-syringes equipped with side-bore needles. The 
dimensionless Henry's Law constant (HLC) for Me Br is 0.25 (UNEP, 1992) and 
approximately 26% of the total amount of MeBr added to the vials partitioned into 
the liquid phase. A comparison made between vials containing soil slurry or liquid 
alone showed that the soil solids did not significantly increase the amount of MeBr 
that partitioned into the slurry phase. The amount of MeBr is expressed as pmol 
MeBr vial-1 and is inclusive of the amount of MeBr that partitioned into the liquid 
phase. Initial rates of MeBr cooxidation were calculated by performing linear 
regression on data generated over the first 3 to 6 h of incubation using the linear 
regression feature in SigmaPlot 3.0 (Jandel Scientific, San Rafael, CA). Correlation 
coefficients for all regressions were  0.92. Initial rates are reported in units of 
nmole MeBr cooxidized m1-1 soil slurry 11-1. 
RESULTS 
To enrich for nitrifying bacteria, samples of Willamette silt loam were 
amended with 10 [tmol NH4+ g-1 and the disappearance of NH4+ and appearance of 
NO3" followed over 15 to 20 day incubations under field capacity moisture 
conditions (270 g H2O kg -1 dry soil). The initial pH of surface samples of 
Willamette soil ranged from 6.0 to 6.2. Stimulation of nitrification by the addition of 
NH4+ and the concomitant acid generation caused soil pH to decline to 5.6. There 
was an initial lag of approximately 5 to 6 days where little NO3" production could be 
detected, followed by NO3- accumulation in the soil at a rate of 53 nmol NO3­
produced g-1 soil h-1 for approximately 6 days. Although Ca(OH)2 additions did not 56 
affect the rate of NO3- production, additions > 1 g Ca(OH)2 kg-1 soil influenced the 
extent of pH decline. By adjusting the initial soil pH to 6.9 or 7.2 with 2 or 3 g 
Ca(OH)2 kg-1 soil, respectively, the final pH values decreased to 5.9 and 6.3, 
respectively, as nitrification proceeded. 
In response to the NI-14+ supplement, NO3- production followed a similar 
trend regardless of when the soil was sampled from the field, with the rate averaging 
58 ± 19 nmol g-1 h-1. Increasing the NH4+ supplement to 20 prnol NH4 + g-1 had no 
effect on either the lag time or the maximum rate of nitrification (data not shown). 
In the presence of acetylene, a mechanism based inactivator of AMO (Hyman and 
Wood, 1985), NH4+ was not consumed nor NO3- formed (Fig. 3.1A), indicating that 
significant heterotrophic NH4+ assimilation was not a major contributor to NH4 + 
decline during the incubation. In addition, NO3- production did not occur in control 
soil that was not amended with NH4+ (Fig. 3.1B). Incubations conducted in the 
presence of 10 [1.mol NO3- g-1 showed that insignificant amounts of NO3- were 
assimilated or denitrified during the incubation period (data not shown). During 
some incubations, small amounts of NO2- (0.25 wnol g-1) were detected after 4 d of 
incubation and then disappeared (data not shown). 
Having established a profile of nitrification in Willamette soil, I examined the 
ability of the stimulated ammonia-oxidizing population to carry out MeBr 
cooxidation under slurried (2:1 water: soil) conditions. During the first 100 h of 
slurry incubation, the rate of NO3- production occurred at a similar rate to that 
measured during static intact soil incubations (Fig. 3.2 inset). Cooxidation of MeBr 57 
Figure 3.1. Time course of nitrification in Willamette silt loam. (A) NH4+ 
depletion and (B) NO3- production. Soil was incubated with NH4+ (10 gmol g-1) 
(). Control vials contained soil amended with NH4+ and acetylene (1%, v/v) () or 
contained soil without NH4+ (0). Error bars represent standard deviation of 3 
analytical replicates. 58 
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Figure 3.1. 59 
could not be detected over a 6 h incubation in vials containing slurried soil with or 
without supplemental NH4+ (10 pmol m1-1 soil slurry) (data not shown). In 
retrospect this was not surprising because the rate of NO3- production by these 
slurries was similar to the rate of NO2- produced by N. europaea suspended to a cell 
density of 106 m11 (data not shown). In Chapter 2, I was unable to measure 
cooxidation of MeBr with this cell density of N. europaea. Continuing the 
incubation of NH4+-enriched soil under slurry conditions enhanced the NH3 
oxidizing activity of the native population. After approximately 100 to 150 hours of 
incubation under these conditions, the rate of NH4+-dependent NO3" production 
increased. After 300 h, rates 5 to 15 times faster than measured in the intact soil 
were achieved (250 to 800 nmol NO3- g-1 h-1; 125 to 400 nmol NO3- ml-1 h-1) 
3.2). The length of time required for the slurry to reach these rates was the same 
regardless of whether the soil was slurried in phosphate buffer (50 mM PO4) at pH 
7.2 or 7.8, or complete growth medium adjusted to either pH 7.2 or 7.8 (Fig. 3.3). 
Slurry pH required adjustment after approximately 100 h of incubation. After 
approximately 200 h of incubation, the rate of nitrification had increased to the 
extent that the pH required daily adjustment to maintain NH4+- dependent NO3­
production. Aliquots of NH4+ (0.5 M (NH4)2SO4) were added as needed (generally 3 
to 4 times over the course of 300 h) to provide approximately 10 [tmol NH4+ m1-1 soil 
slurry. Slurries prepared with soil that had not been pre-incubated with NH4+ under 
static conditions took 150 h longer to reach 250 to 800 nmol NO3- produced g-1 soil 
11-1 than slurries prepared from pre-incubated soil. Slurries prepared from soil that 
had been pre-incubated with NH4+ statically and not leached of NO3- achieved the 60 
Figure 3.2. Time course of nitrification in slurries of Willamette silt loam. 
Nitrate production was followed in slurries (2:1 vol/wt water:soil) with () or 
without (0) an amendment of 10 mM NH4+. Inset. Regression of the first 100 h of 
incubation. 61 
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Figure 3.3. Nitrate production in soil slurries prepared in different media. 
Nitrate production was followed in soil slurries amended with 10 mM NH4+ in H2O 
(), 50 mM PO4 buffer, pH 7.2 (A), 50 mM PO4 buffer, pH 7.8 (), growth 
medium, pH 7.2 (A), or growth medium, pH 7.8 (0). 63 
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-1
higher rate of nitrification no more quickly than leached soil, indicating that 
development of nitrification was not delayed by a loss or inactivation of nitrifying 
bacteria caused by leaching. 
Once the rate of NH4+- dependent NO3- production reached 750 nmol NO3­
g n
-1  (375 nmol m1-1 soil slurry h-1), cooxidation of 1 innol MeBr vial-' could be 
measured (Fig. 3.4). Cooxidation of MeBr occurred at a linear rate (20 nmol ml -1 
soil slurry WI) over a 10-h period regardless of whether the vials were supplemented 
with 10 or 20 innol NH4+ m1-I slurry. MeBr cooxidation did not occur either in 
sterile slurries, or in slurries incubated in the presence of acetylene (Fig. 3.4), or in 
slurries that had been incubated without receiving NH4+ supplements (data not 
shown). 
Although there was some variation among different slurry enrichments in 
their rates of nitrification at the time of examining cooxidation, the rate of 
cooxidation of MeBr increased generally as the amount of MeBr increased to 10 
[tmol vial -1 (Table 3.1). Cooxidation of 20 p.mol MeBr vial-1 could not be detected. 
The enriched population of ammonia-oxidizers cooxidized equivalent amounts of 
chloroethane (CE) and MeBr at similar rates (Table 3.1). 
The enhanced rates of NO3- production achieved by soil slurries after 
enrichment were equivalent to the rate of NO2- production by N europaea 
suspensions of 5 x 107 cells m1-I (Table 3.2). The properties of MeBr cooxidation by 
the enrichment slurries and N europaea showed similarities (Table 3.2). 
Cooxidation of MeBr by enriched soil slurries could not be sustained over time 65 
Figure 3.4. Me Br cooxidation by NW-enriched soil slurries. Aliquots of soil 
slurry (5 ml) were incubated with Me Br (1 umol vial-1) and either 0 mM NH4+ (0), 
10 mM NH4+ () or 20 mM NH4+ (). Control slurries were sterilized () or were 
amended with 10 mM NH4+ and 1% (v/v) acetylene (A). Error bars represent 
standard deviation of 3 analytical replicates. 66 
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Table 3.1. Nitrifying and cooxidative activity of NH4+-enriched soil slurries 
Nitrifying activitya  Compound  Amount  Rate of 
(nmol NO3" ml"' 11-1)  (Knot vial')  cooxidation 
(nmol ml-' III)b 
137  MeBr	  0.5  5.9 
1	  9.9 
2	  16.3 
4	  27.6 
217  MeBr	  5  17.7 
10  20.0 
270  CE	  0.5  3.3 
1	  4.4 
2	  11.5 
a  Nitrate production during slurry enrichment in the absence of cooxidant.
 
When the rate of NO3" production in the slurry was between 125-400 nmol
 
ml"' h-1, aliquots of slurry were removed and cooxidation of MeBr or CE
 
followed as described in materials and methods.
 
b Values are the mean of 3 analytical replicates.
 68 
(Fig. 3.5). In the presence of 5 timol Me Br vial-1, rates of cooxidation were linear 
for up to 12 h then declined to zero after approximately 20 h of incubation. 
In repeated experiments with 5 and 10 timol Me Br vial-1, the total amount of MeBr 
cooxidized was 0.8 and 1.04 Imo' MeBr, respectively. These results are similar to 
those obtained with N. europaea, where rates of cooxidation were linear for 6 to 9 h 
before declining to 0 over 24 h (Chapter 2). However, the total amount of MeBr 
transformed by the Nflatenriched soil slurries was slightly lower than the total 
amount transformed by low cell density suspensions of N. europaea (Table 3.2). 69 
Table 3.2. Comparisons of the nitrifying and cooxidative activity of N europaea 
and NH4+-enriched soil slurries. 
Activity  MeBr added  N europaea"  Soil slurry 
(.imol vial-1) 
Nitrificationb'e  0  371  250 
Cooxidation  0.5  0.02  0.02 
Activityd  5  0.07  0.07 
10  0.1  0.08 
Total MeBr  5  1.75  0.80 
Transformede  10  1.70  1.04 
(.tmol) 
a N europaea was suspended to a density of 5 x 107 cells m1-1 as described in
 
chapter 2.
 
b  Rate of nitrification reported as either nmol NO2- m1-1 cell suspension h-1 or
 
nmol NO3- m1-1 soil slurry h-1.
 
C  Values are the mean of 3 or more replicate experiments.
 
d Cooxidation activity was normalized to nitrification activity and reported as
 
the ratio of the rate of MeBr cooxidation from Table 3.1 to the rate of nitrification
 
(see footnote b).
 
e Values are the mean of 2 or more repeated experiments.
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Figure 3.5. Time course of Me Br cooxidation in NH4+-enriched slurries. 
Aliquots of soil slurry (5 ml) were incubated with Me Br (5 iimol vial-1) for 28 h in 
the presence of 10 mM NH4+ (). Control vials contained sterilized slurry () or 
live slurry amended with NH4+ and 1% (v/v) acetylene (0). Error bars represent 
standard deviation of 3 analytical replicates. 71 
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DISCUSSION 
These findings provide the first conclusive evidence that native surface soil 
populations of ammonia-oxidizing bacteria have the potential to oxidize halogenated 
aliphatic hydrocarbons. These findings add to the report of Moran and Hickey 
(1997) who found that NH4+-stimulated microcosms of aquifer solids oxidized 
trichloroethylene (TCE) at rates similar to methane-stimulated ones. Furthermore, I 
was delighted by the fact that the properties of cooxidation of the enrichment culture 
were somewhat similar to those expressed by pure cultures of N. europaea. (Chapter 
2). The latter finding is of some significance because for many years N. europaea 
has been considered the model ammonia-oxidizing bacterium for physiological and 
biochemical studies of NH3 oxidation (Bock et al., 1986). This role for N europaea 
has always been a precarious one because so little is known about other ammonia-
oxidizers, and because of mounting evidence that ammonia-oxidizers are 
genotypically diverse, and that Nitrosomonas sp. are not the numerically dominant 
ammonia-oxidizers in many natural environments (Belser and Schmidt, 1978; Hiorns 
et al., 1995). 
Because it was relatively easy to stimulate both nitrifying and concomitant 
cooxidizing activities in the Willamette silt loam, this finding can be used to 
highlight some of the advantages and disadvantages of ammonia-oxidizers versus 
hydrocarbon oxidizers as biocatalysts for cooxidation of halogenated aliphatic 
hydrocarbons. For example, although several hydrocarbon-oxidizing bacteria 
possess the ability to cooxidize halogenated aliphatic hydrocarbons, and have 
received the largest amount of research effort in bioremediation (Arp, 1995), the 73 
primary substrates they require for growth (butane, toluene, phenol, methane) are 
often flammable and explosive, sometimes biocidal, and their volatility and low 
water solubility make their concentrations difficult to control under most 
environmental conditions. Secondly, in the case of toluene oxidizers, a diversity of 
mechanisms exists for toluene degradation, and some strains are incapable of 
degrading aliphatic halogenated hydrocarbons. In this context, it has been observed 
that toluene non TCE-degraders are often enriched in favor of TCE degraders when 
mixed natural communities or cultures are exposed to toluene (Fuller and Scow, 
1995; Mars et al., 1998). In contrast to the situations described above, NH4+ is 
relatively innocuous and can be added in accurately controlled amounts that are 
immobilized temporarily on clay colloids without fear of toxicity and problems with 
bioavailability. Although it would have been extremely satisfying to detect MeBr 
cooxidation in the intact soil immediately after the static enrichment process, the 
results were consistent with the studies reported in Chapter 2 where MeBr 
cooxidation was undetectable with the GC assay when N. europaea was suspended 
to a density of 106 cells m1-1. The data presented in this chapter show that the rate 
of NH3 oxidation that developed was equivalent to a population of  6 x 106 g-1, (if 
the activity of laboratory-grown N europaea is used as the standard) and is 
consistent with published cell yield values for Nitrosomonas which range from 1.3 to 
6.4 x 1012 cells mo1-1NH3(Prosser, 1989). However, in both the static and slurry 
enrichments highlight the importance of pH control for achieving the optimal rate of 
nitrification. It would be interesting to determine if a higher rate of nitrification 74 
might be achieved during the static soil incubations by adding additional NH4+ if 
attention is given to pH control. 
By increasing the rate of nitrification approximately 10-fold, and assuming 
the same conversion factor, the MeBr oxidation rate was similar to that achieved by 
N. europaea suspended to 107cells m1-1. At this time I do not know if the increase 
in NH4+-dependent NO3- production in the slurries was due to continued growth of 
the same population of nitrifiers stimulated under static incubation conditions, or if 
that population was replaced with a faster-growing one. There is some precedent for 
the latter because Belser and Schmidt (1978) reported that Nitrosomonas spp. were 
recovered from direct enrichments of soil, while other more slow-growing genera 
were recovered from soil dilutions. Suwa et al. (1994) isolated different strains of 
Nitrosomonas with different sensitivities to NH4+ concentration, and Hastings et al. 
(1997) reported detection of Nitrosomonas only in soil plots amended with pig 
manure slurry. 
Comparisons can be made of the rates of nitrification and MeBr cooxidation 
in this study to other MeBr degrading soil systems. Hines et al., (1998) measured 
degradation of atmospheric MeBr concentrations (0.05 to 0.16 pmol m1-1) in non-
enriched soils and reported rates of disappearance ranging from 0.01 to 0.04 pmol 
min-1 g-1. Using 0.02 as the ratio of the rate of MeBr cooxidation to nitrification 
(Table 3.2), the rate of nitrification that would be necessary to account for such a rate 
of MeBr cooxidation is 0.06 to 0.24 nmol NO3" produced m1-1 h-1, i.e., 100 times 
lower than the rates achieved in my enrichments. Such a rate would be consistent 
with a population density of  105 g-1 entirely consistent with the size of un­75 
enriched native populations of ammonia-oxidizers (Belser and Schmidt, 1978; 
Smorczewski and Schmidt, 1991; Waggoner and Zuberer, 1996). Orem land et al. 
(1994a) reported rates of Me Br degradation of 0.28 and 5 nmol Me Br g-1 h-1 in 
subsurface (25 to 75 cm) samples of methanotrophic peat soil exposed to 0.16 and 30 
nmol MeBr m1-1 headspace, respectively. The rate of methane oxidation in their soil 
samples was similar to the rates of nitrification achieved in my slurry enrichments 
(approximately 270 nmol CH4 g-1 h-1). 
In addition to implications for bioremediation in general, my work has 
implications for the unresolved question of biodegradation of MeBr in field 
fumigation situations. A typical field fumigation rate is  400 kg ha -1 injected to a 25 
cm depth (Rice et al., 1996). This is equivalent to 3 innol MeBr cc-1 pore space 
assuming a soil porosity of 55%, and to a liquid concentration of 4.6 gmol MeBr ml­
1 soil solution given a moisture content of 30% (dimensionless Henry's constant = 
0.25). We detected oxidation of 10 innol MeBr vial-1, which is equivalent to a liquid 
concentration of 0.52 pimol m1-1, and cooxidation of higher amounts could not be 
detected under our assay conditions. Although Ou et al. (1997) reported degradation 
of fumigation levels of MeBr in sand amended with NH4+ fertilizer, their rates of 
nitrification were significantly lower than what I report here. Because controls 
containing acetylene or some other inhibitor of NH3 oxidation were not incorporated 
into those studies, it remains equivocal whether MeBr depletion was due to the 
activity of ammonia-oxidizing bacteria. As a consequence, further work is needed to 
determine if NH3 oxidation can be sufficiently stimulated in intact soil to carry out 
oxidation of field fumigation levels of MeBr. 76 
Chapter 4. OXIDATION OF NH4+ AND METHYL BROMIDE BY
 
NITROSOMONAS EUROPAEA IN SOIL AT DIFFERENT
 
WATER CONTENTS
 
ABSTRACT 
Ammonia monooxygenase from Nitrosomonas europaea catalyzes the 
oxidation of NH3 to hydroxylamine and has been shown to oxidize a variety of 
halogenated hydrocarbons. As part of an effort focused upon extending these 
observations to natural soils, a study was conducted to examine the ability of N. 
europaea to cooxidize methyl bromide (MeBr) under soil conditions. N. europaea 
was incubated with limed Willamette silt loam (pH 7.0 ± 0.2) under either slurried 
(2:1 v/w), saturated (450 g H2O kg-1), or unsaturated (270 g H2O kg 
1) conditions, 
and the properties of MeBr cooxidation compared to results from controls incubated 
in the absence of soil. The soil significantly influenced both NH3 and MeBr 
oxidation rates. Inhibition of NH3-oxidation resulted from: (i) NH4+ adsorption to 
the soil, causing the soil solution NH4+ concentration to be lowered, and (ii) from a 
reduction in the amount of available NH3aq caused by exchangeable acidity reducing 
the pH of the phosphate buffer from pH 7.2 to 6.8. By increasing the amount of 
NH4+ 4-fold (5.7 to 22.7 mol g-1), the rate of NH3-oxidation in the presence of soil 
was raised to that of the non-soil control regardless of soil water content. On the 
other hand, MeBr oxidation by N. europaea was influenced differentially by soil 
water content. Under unsaturated conditions, the initial rate of oxidation of 2.5 to 10 
mol MeBr vial-1 was not reduced by the presence of soil, nor increased by the 
addition of supplemental NH4+. In contrast, under water-saturated conditions, the 77 
presence of soil reduced the rate of oxidation of 2.5 and 5 innol MeBr vial-1 to 
between zero and 20% of the non-soil rate. Supplemental NH4+ stimulated the rate 
of cooxidation under water-saturated conditions to 60 to 70% of the soil free rate. 
Amounts of MeBr  10 Innol vial-1 could not be oxidized under water-saturated 
conditions regardless of the NW- supplement. 
INTRODUCTION 
Ammonia-oxidizing bacteria carry out the oxidation of NH3 to NO2, the first 
step in biological nitrification of NH3 to NO3". The oxidation of NH3 proceeds in a 
two-step process, the first of which is the oxidation of NH3 to NH2OH by ammonia 
monooxygenase (AMO). This step is followed by the oxidation of NH2OH to NO2 
via hydroxylamine oxidoreductase (HAO). Nitrosomonas europaea, a 
chemolithotrophic ammonia oxidizer, can carry out cooxidation of a variety of 
halogenated and non-halogenated hydrocarbons in the presence of NH4+ through the 
activity of AMO (Hyman et al., 1988; Rasche et al., 1990a,b; Rasche et al., 1991; 
Keener and Arp 1993, Keener and Arp, 1994). Co-substrates act as inhibitors of 
NH3 oxidation (Keener and Arp, 1993), and cooxidation by N europaea has been 
studied rather extensively to elucidate the range of compounds transformed (Hyman 
et al., 1984; Hyman et al., 1988; Rasche et al., 1990a; Rasche et al., 1991; Keener 
and Arp, 1994), and the kinetics of co-substrate inhibition (Keener and Arp, 1993). 
At this time, however, it is unclear to what extent these findings can be extrapolated 
to natural systems. 78 
Many soil factors that influence nitrification in soil will presumably 
influence cooxidation. For example, soil colloids are known to bind NI-14+, thereby 
potentially limiting its bioavailability (Hommes et al., 1998). Furthermore, different 
binding properties of NH4+ and the co-substrate to soil might influence the ratio of 
substrate (NH3) to co-substrate during cooxidation, and affect competition for the 
active site of AMO. Hommes et al. (1998), examined the ability of N. europaea to 
oxidize NH4+ and the three cosubstrates, ethylene, chloroethane, and 1,1,1­
trichloroethane in soil slurries. The influences of soil on both solution pH and NH4+ 
availability were the main factors affecting NH4+ and co-substrate oxidation in that 
study. However, the influence of intact soil on cooxidation by ammonia-oxidizers 
could be modified by water content. For example, in a study examining the effect of 
soil moisture on nitrifying bacteria, Stark and Firestone (1995) found that the 
primary effect on nitrification of lowering soil water potential from saturation to -0.6 
MPa was due to restriction of NH4 + availability, whereas the effect of lowering water 
potential below 
-0.6 MPa was primarily due to osmotic effects on the nitrifiers. 
Methyl bromide is a soil fumigant used extensively to control pests on crops 
such as strawberries, tomatoes, and peppers (Gan et al., 1994).  It has been 
categorized as a class 1 ozone depleter (UNEP, 1992) and is schedule to be phased 
out of use by the year 2001 (USEPA, 1993). Due to the potential economic impact 
of the ban on MeBr, studies have been conducted to examine management practices 
that might decrease the amount of MeBr released into the atmosphere following 
fumigation (Jin and Jury, 1995; Wang et al., 1997a). Gan et al., (1994) found that 79 
the abiotic degradation of MeBr in soil is influenced both by organic matter and soil 
moisture content. These same factors, along with those influencing nitrification, 
could play major roles in the biological degradation of MeBr in soil. Although Ou et 
al. (1997) reported recently on the degradation of MeBr in NEW-amended soil, no 
studies have examined specifically the properties of MeBr oxidation by ammonia-
oxidizers under soil conditions. The purpose of this research was to expand upon the 
studies described in chapter 2 and in Hommes et al. (1998), and to examine the 
cooxidation of MeBr by N. europaea in soil held at its maximum, or two-thirds of its 
water-holding capacity. 
MATERIALS AND METHODS 
Collection and preparation of soil 
Soil was collected from the North Willamette Research and Extension Center 
in Aurora, OR. The soil is classified as a Willamette silt loam (fine-silty, mixed, 
mesic, pachic Ultic Haploxeroll) in the soil survey of Clackamas County, OR. The 
soil is composed of 33.1, 53.5 and 13.4% (w/w) sand, silt, and clay-size particles, 
respectively, and contains 1.8% total organic C and a cation exchange capacity of 15 
cmol kg-1 soil (Hommes et al., 1998). Surface soil (0-20 cm) was collected, stored at 
4°C, and used within 3-5 months of collection. Because the initial pH of the soil 
ranged between 6.0 and 6.2, the soil pH was raised to approximately neutral (7.0 ± 
0.2) as follows. Samples of soil were air-dried for 24 to 48 hours at room 
temperature (23-25°C) and amended with 3 g Ca(OH)2 kg-1 soil. The soil water 80 
content was adjusted to 135 g H2O kg -1 soil (field capacity = 270 g H2O kg-1), and 
the soil equilibrated for 24 to 48 h, mixed well, air-dried for an additional 24 to 48 h 
at room temperature, and sterilized using gamma irradiation (4 Mrad) at the Oregon 
State University Radiation Center. 
Cell growth and preparation 
Batch cultures (750 or 1500 ml) of N. europaea (ATCC 19718) were grown 
in Erlenmeyer or Fernbach flasks in the dark at 27°C with orbital shaking (150 rpm). 
The growth medium consisted of 25 mM (NH4)2SO4 and other constituents as 
described elsewhere (Hyman and Arp, 1992). Cells were harvested by centrifugation 
(11,000 x g; 15 min) after reaching the late exponential phase of growth (3 d), 
washed twice in buffer (50 mM potassium phosphate buffer, pH 7.2), and re­
suspended in the same buffer to an OD660 of approximately 1.0. All assays were 
initiated with aliquots of this cell suspension within 1 h of preparation. 
Epifluorescence microscopic counts of DAPI-stained cells confirmed that the cell 
density was approximately 109 m11 at OD660 = 1.0. The dry weight of this stock cell 
suspension was determined by filtering 3 ml of cell suspension through pre-weighed 
0.4-1.im pore size polycarbonate filters (Nucleopore, Costar Corp. Pleasanton CA). 
Each filter was rinsed with 3 ml filtered de-ionized H2O, dried for 24 h at 80°C, and 
re-weighed. The average dry weight of the cell suspension was 0.32 mg m1-1. 81 
Soil assay conditions 
Incubations were done with sterile Willamette soil in 60-m1 serum vials 
sealed with gray butyl stoppers and aluminum crimp top seals (Wheaton, Millville, 
NJ). The assay conditions utilized in these experiments were developed directly from 
earlier studies conducted with liquid cultures of N. europaea (see Chapter 2). 
Air dry soil (9.2 g, equivalent to 8.8 g oven-dry soil) was brought to WHC 
(45.4% w/w, referred to as saturated moisture condition) with 3.6 ml of water. To 
conduct experiments with soil at its WHC, a combination of 1.5 ml of 50 mM 
K2HPO4, pH 7.2, containing either 50 or 200 pmol NI-14+ and 9.2 g air- dry soil were 
added to vials. The NH4+ solution (final concentration = 5.7 or 22.7 pmol NH4+ g-1) 
was allowed to wick into the soil for 5 minutes, the vials were sealed, and the 
contents thoroughly mixed. To initiate the assay, the cell suspension of N europaea 
was diluted 10-fold in buffer and 2.5 ml of this dilute cell suspension was evenly 
dribbled over the surface of the soil using a syringe (total liquid volume in assay = 4 
ml). To conduct experiments with unsaturated soil at approximately 33 kPa water 
potential (270 g H2O kg-I soil), a combination of 1.25 ml of 50 mM K2HPO4, pH 
7.2, containing either 50 or 200 pmol NH4+ and 9.2 g of air-dried soil were added to 
vials. The NH4+ solution was allowed to wick into the soil for 5 minutes, the vials 
were sealed, and the contents thoroughly mixed. Preliminary experiments with 
unsaturated soil showed that it was imperative to mix the soil thoroughly at this stage 
to prevent inconsistencies between experiments in the rate of NH3 oxidation. To 
initiate the assay, the N. europaea cell suspension was diluted 5-fold in buffer, and 
1.25 ml of this diluted cell suspension was dribbled over the surface of the soil using 82 
a syringe (total liquid volume in assay = 2.5 ml). Under both saturated and 
unsaturated soil moisture conditions, vials were incubated in the dark at room 
temperature without shaking to preserve soil structure. 
To conduct experiments under slurry conditions (2.07:1 v/w. buffer:soil), 
sterile soil (9.2 g air dry wt) was added to vials with 17.6 ml of buffer (50 mM Pat , 
pH 7.2) containing either 50, 100, or 200 punol NH4+ (final concentration = 5.7, 11.4, 
and 22.71Amol NH4+ g-1 soil). Assays were initiated by the addition of 0.25 ml of the 
N. europaea cell suspension and incubated at room temperature (23 to 25°C) in the 
dark with orbital shaking (100 rpm). 
For cooxidation experiments, the buffered NH4+ solution, sterile soil, and 
MeBr were added to vials (2.5 to 20 p.mol MeBr vial-1) and equilibrated overnight 
(-12 h). To initiate the reaction, aliquots of cells were added to the vials as 
described above, and MeBr disappearance was followed by removing aliquots of 
headspace (60 ill) at 1.5- to 3-h intervals and analyzed by gas chromatography as 
described below. 
Analytical procedures 
Nitrite was assayed as described by Hageman and Hucklesby (1971). In 
incubations conducted under slurried soil conditions, samples of soil suspension (500 
i.11) were periodically collected and centrifuged to remove soil. Aliquots of 
supernatant (250 p,1) were brought to 500 ptl with buffer and fixed in 1-ml 
sulfanilamide solution (1% w/v in 1.5 N HC1) until analyzed. N (1­
napthyl)ethylene diamine (1 ml) was added to each sample, color developed for 15 83 
min, and absorbance measured spectrophotometrically at 540 nm in a Beckman 
model 34 spectrophotometer (Beckman Scientific Instruments, Irvine, CA). 
Concentrations of NO2" were determined by comparison to standards of known 
concentration. For NO2- determinations in incubations conducted under saturated 
conditions, 4-ml volumes of buffer were added to vials, resulting in a 1:2 dilution of 
the soil solution. Vials were shaken for 1 minute, samples (1 ml) collected, 
centrifuged to remove soil, and aliquots  250[11) of supernatant fixed as described 
above. For NO2 determinations in incubations conducted under unsaturated 
conditions, 5-ml volumes of buffer were added to vials resulting in a 1:3 dilution of 
the soil solution and samples collected as described above. 
Ammonium was measured by the method of Solozarno (1969). Samples (10 
to 1000 were brought to lml with buffer. Phenol (10% in 95% ethanol, w/v, 2 ml) 
and sodium nitroprusside (0.5% w/v, 2 ml) solutions were added, followed by 5 ml 
of a combined solution (3:2 v/v) of alkaline Na citrate (20% w/v in 0.25 M NaOH), 
and commercial bleach. Color was developed for 30 minutes and absorbance 
measured at 620 nm. Concentrations of NH4+ were determined by comparison to 
standards of known concentration. To measure the amount of NH4+ in solution at 
time zero under slurried soil conditions, 9.2 g air-dried soil was mixed with 17.6 ml 
buffer containing 50 or 200 [tmol NH4+ (final concentration = 5.7 and 22.7 [tmol 
NH4+ g-1 soil) and incubated in centrifuge tubes (50 ml, Nalgene) for 1 h. Soil was 
centrifuged and samples of supernatant removed and analyzed as described above. 
To measure the amount of NH4 + in solution under saturated conditions, 50 or 200 
iAmol NH4+ was added to a centrifuge tube in a 1.5-ml volume of buffer along with 84 
9.2 g air-dried soil. The solution of NH4+ was allowed to wick into the soil  5 min) 
and was then mixed to distribute NH4+ throughout the soil. Buffer (2.5 ml) was 
dribbled over the surface of the soil with a pipette and tubes were incubated for 1 h. 
Following the incubation, soil was centrifuged and samples of supernatant analyzed 
for NH4+. To measure the amount of NH4+ in solution under unsaturated conditions, 
larger portions of soil (18.4 g air dry wt) were placed in 60-m1 syringes and buffer (6 
ml) containing 100 or 400 pmol NH4+ (5.7 and 22.7 [ttnol NH4+ gi soil) was 
dribbled over the soil. Samples were incubated for 1 h and then the soil solution was 
forced from the soil by pressing on the soil with the plunger of the syringe. Samples 
were centrifuged to remove suspended particles and NH4+ was measured in the 
supernatant. 
Methyl bromide cooxidation was measured by following its disappearance 
from the gas phase of the assay vials using a Shimadzu GC-14 gas chromatograph. 
The GC was equipped with a 0.32 x 91 cm stainless steel column packed with 
Porapak-Q (80-100 mesh; Waters Associates Inc., Framingham, MA) (120°C) and a 
flame ionization detector (detector and injector = 200°C) interfaced with a Shimadzu 
model CR501 integrator. At time intervals, 60-pd aliquots of headspace were 
removed from the assay vials with a gas-tight Hamilton micro-syringe equipped with 
a side-bore needle. Control vials contained either: (i) no soil and the appropriate 
amount of buffer, or (ii) soil and 1% (v/v) acetylene, a specific mechanism-based 
inactivator of AMO (Hyman and Wood, 1985). The amount of MeBr in the assay 
vials was determined by comparison to standards of known amounts of MeBr 
prepared in 60-m1 vials containing sterile soil under saturated or unsaturated 85 
moisture conditions. The addition of soil resulted in an increase of 5% of MeBr 
partitioning into the soil/liquid phase. In all assays the amount of MeBr is expressed 
as total gmol added to the vial, inclusive of that amount which partitioned into the 
liquid/soil phase. 
Nitrite production by N. europaea in the presence of soil under various moisture 
conditions 
The effect of soil on NO2 production by N. europaea under slurry, saturated, 
and unsaturated soil moisture conditions was determined by incubating for 6 h at 
room temperature in the dark and sampling for NO2" at 1.5 to 2 h intervals. In 
incubations conducted under slurry conditions, aliquots were removed from triplicate 
vials at the appropriate time points and NO2" determined as described above. When 
soil was incubated under saturated and unsaturated conditions, triplicate vials were 
opened at the appropriate time points, diluted with the appropriate amount of buffer 
(see above), and NO2" determined. Control vials did not contain soil but contained 
the same liquid volume as was present in the soil incubation, the same total number 
of N. europaea cells, and 50 1.unol 
MeBr cooxidation by N. europaea 
The effect of saturated and unsaturated soil on MeBr cooxidation was 
determined by following the disappearance of MeBr (2.5 to 10 1-1, m o 1 vial-1) from the 
headspace of vials incubated for 4.5 to 28 h. At time intervals, samples of headspace 
from triplicate vials were injected into the GC. Controls with and without soil were 86 
incubated with the same volume of liquid, total number ofN. europaea cells, 50 
ptmol NH4+ and 1% acetylene (v/v). 
Effect of 02 on the activity ofN. europaea 
To determine if 02 availability limited the activity ofN. europaea incubated 
with saturated soil, assays were prepared and sealed as described above but without 
the addition of MeBr or cells. A 10-m1 volume of air was removed from the 
headspace of each vial and replaced with a 10-m1 volume of pure 02, resulting in 
35% (v/v) 02 in the headspace of the vial. Control vials did not have any headspace 
replaced by 02. Aliquots of dilute (10-fold) N. europaea cell suspension were 
dribbled over the surface of the soil and NO2- production measured as described 
above. 
RESULTS 
Effect of soil on NO2- production by N. europaea 
Sterile soil under slurry conditions (2:1 v/w liquid:soil) inhibited NO2­
production by low cell density suspensions of N. europaea to 34% of the control (no 
soil) rate (Fig. 4.1). By increasing the amount of NH4+ from 5.7 to 22.7 Imo' g-1, the 
effect of soil on the rate of NO2- production was alleviated. A similar inhibitory 
effect was observed when the same suspension ofN. europaea was incubated with 
5.7 punol NH4+ g-1 soil and sufficient water to just satisfy the water holding capacity 87 
Figure 4.1. Nitrite production by N. europaea in the presence of soil under 
slurry conditions. Cells were incubated with soil (9.2 g air-dried) under slurry 
conditions as described in materials and methods. Incubations contained either 5.4 
iimol NH4+ g-1 (), 10.8 pmol NH4+ g-1(.4), or 21.7 timol NH4+ g-1 (E). Controls 
conducted without soil contained 2.8 mM NH4+ and the equivalent amount of water 
(). Error bars represent standard deviation of 3 analytical replicates. 88 
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Figure 4.1. 89 
Figure 4.2. Nitrite production by N. europaea in the presence of soil under 
saturated and unsaturated moisture conditions. Cells were incubated under (A) 
saturated or (B, C) unsaturated moisture conditions as described in materials and 
methods. Incubations contained either 5.4 umol NH4+ g-1 (0) or 21.7 [tmol NH4 + g-1 
(U). Controls incubated without soil contained 10 mM NH4 + and the equivalent 
amount of water (). Error bars represent standard deviation of 3 analytical 
replicates. 90 
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Figure 4.2. 91 
(WHC) of the soil (Fig. 4.2A). Under these conditions there was a 56% decrease in 
the rate of NO2- production when compared to controls without soil. Increasing the 
amount of NH4 + from 5.7 to 22.7 lamol g-1 resulted in the recovery of 85% of the rate 
of NO2- production measured in the absence of soil.  Soil incubated with enough 
water to produce an unsaturated state of about 33 kPa reduced the rate of NO2­
production by N. europaea to 14 to 30% of the control (Fig. 4.2B and C). Again, the 
inhibitory effect of soil on NO2 production was alleviated when the amount of NH4 + 
1 was increased from 5.7 to 22.7 .tmol g of soil. 
In incubations conducted under slurry conditions, the concentration of NFL+ 
in soil solution at time zero ranged between 68 and 55% of those predicted in the 
absence of any NH4+ binding (Table 4.1). Despite the fact that slurries were 
prepared with Ca(OH)2 amended soil, and with 17.6 ml of pH 7.2 buffer, the soil 
solution was pH 6.8. The inhibitory effect of soil on NO2- production under slurry 
conditions is likely due to the influence of pH on the NH3-NH4+ equilibrium. For 
example, at pH 6.8, 1.9 mM NH4+ is in equilibrium with 7.8 [iM NH3 (pKa = 9.2); a 
concentration that is below the Ks of AMO for NH3 ( 30 to 40 µM, Hyman and 
Wood, 1984; Hommes et al., 1998). In contrast, 6.1 mM NH4+ is in equilibrium with 
24 [IM NH3, a value approaching the K. In incubations conducted with soil under 
saturated conditions, the inhibitory effect of soil seems to be due primarily to a 
reduction of NH4 + availability (Table 4.1). The concentrations of NH4 + in the soil 
solution were significantly less than those predicted in the absence of NH4+ binding 
(1.2 vs 11.4 mM, and 8.4 vs 45.5 mM). The rate of NO2- production by N europaea 
is definitely substrate limited at 1.2 mM NH4+, pH 6.8 (data not shown). When the 92 
Table 4.1. Binding of NI-14+ to soil. 
NH4+ recovered 
Amount of NH4+  (.tmol m1-1 soil 
added  solution) 
(iamol g-1 soil) 
2:1 soil slurry  Saturated  Unsaturated 
5.7  1.9 (2.8)'  1.2 (11.4)  [1  6]b (17.2) 
22.7  6.1 (11.1)  8.4 (45.5)  10.0 (69) 
a Values are means of 3 analytical replicates. Values in parenthesis are theoretical 
concentrations of NH4+ (mM) in soil solution in the absence of NH4+ binding. 
b Under unsaturated conditions, the concentrations of NH4+ in soil solution were 
variable. Values encompassed in square brackets represent the range of 
concentrations measured. 93 
amount of NH4+ in the incubation vials was increased to 22.7 'mot g-1, the 
concentration of NH4+ in solution increased 7 fold, and into a concentration range 
similar to that found under soil slurry conditions where NH4+ oxidation was not 
inhibited by the presence of soil. Under unsaturated conditions, soil also reduced 
NI-14+ availability, and 22.7 !mot NI-14+ g-1 raised the concentration of NH4+ in soil 
solution into a range that was non-limiting for NH4+ oxidation. However, in soil 
supplemented with 5.7 pmol g-1, the NH4+ concentrations encountered in solution 
were quite variable (1 to 6 mM), spanning a concentration range both limiting and 
non-limiting for NH4+ oxidation. Therefore, it remains equivocal whether the 
concentration of NH4+ in soil solution is the sole factor limiting NH4+ oxidation 
under unsaturated conditions. 
Effect of soil on MeBr cooxidation by N. europaea 
Despite the fact that NO2- production was inhibited up to 86% by unsaturated 
soil in the presence of 5.7 i_tmol NH4 + g-1, there was no effect of soil or NH4 + 
supplement at this water content on the cooxidation of MeBr (Fig. 4.3 A and B). 
Cooxidation of 2.5 and 5 pmol MeBr vial-1 proceeded for 6 h at linear rates 
averaging 59 and 75 nmol h-1, respectively. Cooxidation of 10 pmol MeBr vial-1 was 
also uninhibited by the presence of unsaturated soil (data not shown). 
In contrast to incubations conducted under unsaturated conditions, there was 
a substantial inhibitory effect of saturated soil on the rate of MeBr cooxidation (Fig. 
4.4). Methyl bromide (2.5 !mot vial-1) was cooxidized at a linear rate of 65 nmol h-1 
in the absence of soil. After 6 h of incubation in the presence of saturated soil, the 94 
amounts of MeBr in the atmospheres of the vials were not significantly different 
from the control vials that contained acetylene (Fig. 4.4A). Increasing the amount of 
NH4+ from 5.7 to 22.71.1mol g-1 partially alleviated the inhibition imposed by soil, 
and supported cooxidation at a rate of 20 nmol h-1 over most of the 6 h incubation. 
Similarly, cooxidation of 51.1mol MeBr vial-1 was completely inhibited by the 
addition of soil (Fig. 4.4B) and was stimulated to 62% of the control rate when the 
amount of NH4+ was increased from 5.7 to 22.7 innol g-1.  The addition of soil 
resulted in either substantial (up to 54%) or complete inhibition of cooxidation of 10 
gmol MeBr vial-1 regardless of NH4+ level (data not shown). The impact of soil on 
MeBr oxidation was not caused by oxygen limitation of NH3 oxidation because rates 
of NO2- production in the presence of soil and 5.7 or 22.7 innol NH4+ g-1 were not 
influenced by raising the oxygen concentration from 20 to 35% v/v (Fig. 4.5). 
During long-term incubations in the absence of soil, the rate of cooxidation of 
5 limo' MeBr vial-1 was linear for approximately 10 h and decreased to zero within 
26 h (data not shown). A total of 2.1 Innol of MeBr was cooxidized, resulting in an 
observed transformation capacity (Tc°b) of 26 [tmol MeBr mg-1 cell dry wt. In the 
presence of unsaturated soil the amount of MeBr cooxidized in 26 h was the same as 
determined in the absence of soil with either 5.7 or 22.7 [tmol NH4+ g-1. In the 
presence of saturated soil, however, even when the amount of NH4+ was increased 
from 53 to 22.7 wnol g-1, only 1.25 lAmol MeBr was cooxidized and corresponded 
to a Teth of 15.3 [tmol mg-1 cell dry wt. 95 
Figure 4.3. Me Br cooxidation by N. europaea in the presence of soil under 
unsaturated conditions. Cells were incubated with soil (9.2 g air-dried) under 
unsaturated moisture conditions and (A) 2.5 1.111101 Me Br vial-1 or (B) 5 p,mol Me Br 
vial-1 with either 5.4 prnol NH4 4 g-i (A) or 21.7 pmol NH44 g-i (). Controls 
contained either cells, soil and 1% (v/v) acetylene (0), or did not contain soil but 
contained the same volume of water and cells only (), or contained the same 
volume of water and cells and acetylene (1%, v/v) (0). Error bars represent standard 
deviation of 3 analytical replicates. 96 
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Figure 4.4. Me Br cooxidation by N. europaea in the presence of soil under 
saturated conditions. Cells were incubated with soil (9.2 g air-dried) under 
saturated moisture conditions and (A) 2.5 p,mol Me Br vial-1 or (B) 5 limol Me Br 
vial -1 with either 5.4 prnol NH4+ g-1 (A) or 21.7 innol NH4+ g-1 (M).  Controls 
contained either cells, soil and 1% (v/v) acetylene (0), or did not contain soil but 
contained the same volume of water and cells only (), or contained the same 
volume of water and cells and acetylene (1%, v/v) (0). Error bars represent standard 
deviation of 3 analytical replicates. 98 
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Figure 4.5. The effect of 02 on NO2 production by N. europaea in the presence 
of soil under saturated moisture conditions. Cells were incubated with soil (9.2 g 
air-dried) with either 5.4 umol NH4+ g-i (solid symbols) or 21.7 umol NH4+ g-1 (open 
symbols) and either 20% (v/v) 02 (, M) or 35% (v/v) 02 ( A, A). Error bars 
represent standard deviation of 3 analytical replicates. 100 
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DISCUSSION
 
The major goal of this research was to extend our knowledge about the 
potential of the ammonia-oxidizer, N. europaea, to cooxidize halogenated aliphatic 
hydrocarbons in soil. The results reaffirmed the role that soil and water interactions 
play on nitrification (Stark and Firestone, 1995) and illustrated the complex interplay 
that occurs between NH3 oxidation and an accompanying cooxidative process under 
soil conditions. My study showed the impact of soil upon NH4+ availability to the 
ammonia-oxidizers both under non-structural (slurried), and structurally intact soil 
conditions. Not only did the presence of soil reduce NH4 + levels in solution, but soil 
exchangeable acidity reduced soil solution pH thereby reducing NH3 availability. 
Even though the moderately acidic Willamette silt loam was amended with a 
substantial amount of lime (3 g Ca(OH)2 kg 
1, equivalent to 4000 kg CaCO3 ha 1) 
prior to conducting the experiments, there was still sufficient exchangeable soil 
acidity present for the soil to lower the pH of the aqueous phase from 7.2 to 6.8. 
Under slurried conditions, the binding of NH4+ in the absence of any pH reduction 
would account for only a 20% reduction in the rate of NO2- production, whereas a 
reduction in soil solution pH in the absence of NH4+ binding predicts a 56% 
reduction in the rate of NO2- production. A combination of both NH4+ binding and a 
reduction in soil solution pH by soil exchangeable acidity would reduce the NO2­
producing rate to 42% of the control (no soil). Under slurried conditions therefore, 
the reduction of soil solution pH by soil exchangeable acidity appears to be the 
predominant effect of soil. Under saturated conditions with soil structure intact, 
NH4+ binding appears to be the predominant effect of soil on the rate of NO2­102 
production. NH4+ binding in the absence of a pH effect would cause an 82% 
reduction in the rate of NO2- production, whereas a pH effect alone would result in a 
24% decrease in the rate. The 2 effects combined (NH4 
+ binding and reduction in pH 
due to soil exchangeable acidity) predict a reduction in the rate of NO2" production of 
86%. 
Despite the diffusion coefficients of MeBr being significantly different in air 
and water (0.1037 vs. 1.35 x 10"5 cm2 s-1, Wang et al., 1997b), the combination of 
unsaturated soil and static incubation conditions did not sufficiently restrict the 
diffusion of MeBr to limit its cooxidation. Although the range of the observed rates 
of NH3 oxidation in the presence of unsaturated soil (14 to 30% of maximum) is 
consistent with theoretical rates predicted from the reduced NH4+ concentrations 
measured in the soil solution (12 to 40% of maximum), MeBr oxidation showed no 
sign of being limited by NH4+ availability under the same conditions. In my earlier 
study (see Chapter 2), I found that 15 gmol MeBr vial-1 was cooxidized at a high rate 
for  4 hours despite this concentration reducing the rate of NI-14+ oxidation to  20% 
of the control rate. In the unsaturated soil experiments described here, the 
concentrations of MeBr (2.5 to 10 innol vial-1) that were used presumably did not 
interfere with the rate of NR4+ oxidation, despite the latter having been reduced 
because of NH4+-limitation to near the limit that permits cooxidation to take place 
(15 to 20%). 
The results obtained from the saturated soil condition and static incubations 
were unexpected. I predicted that limited diffusion of MeBr from the gas phase into 
the soil might restrict MeBr cooxidation, and that cooxidation would respond 103 
positively to increases in Me Br concentration. On the contrary, the data indicated 
that Me Br cooxidation was limited by NH4+ availability under saturated soil 
conditions, and that cooxidation was more sensitive to inhibition by Me Br than it 
was under unsaturated conditions. Because the inhibition of NH3 oxidation was 
alleviated by the same NH4+ supplement under both saturated and unsaturated 
conditions, differences in diffusional constraints on NI-14+ among the two soil 
conditions can be discounted. However, the differences in behavior between 
unsaturated and saturated soil conditions might be a reflection of the experimental 
set-up. Under unsaturated conditions, NH4 + was added to the soil samples in a small 
amount of water (1.25 ml), equilibrated, and the cells followed in another 1.25 ml. 
Although NH4+ could have been entrained in small pores, the N. europaea cells were 
probably found in close proximity. In the saturated soil experiment, however, NH4+ 
was added in 1.5 ml of buffer, allowed to equilibrate, and cells were added in another 
2.5 ml of buffer. In the latter case, many of the N. europaea cells would be found in 
larger pores more distant from the Nattenriched sites, while at the same time 
exposed to MeBr. Further experiments are needed to disentangle this phenomenon 
in which a more sophisticated approach is taken to control the distribution of N. 
europaea and the supply of NH4+. 
The soil effects reported here are significant when one considers the potential 
role of ammonia-oxidizers to degrade MeBr under soil conditions. Successful soil 
fumigation depends on diffusion of MeBr through the soil, which will occur better 
under drier conditions. Retention of MeBr in soil, and its biocidal effects, are most 
pronounced under slightly moist conditions (Munnecke and Van Gundy, 1979). My 104 
findings highlight the fact that ammonia-oxidizers can degrade Me Br under 
unsaturated soil conditions, and that NH4+ limitation and exchangeable acidity need 
to be taken into account in assessing the degradation potential. They also emphasize 
the confounding role that variations in soil water content will play on the properties 
of the cooxidative process. 105 
Chapter 5. SUMMARY 
There is some interest in exploiting the cooxidative capabilities of ammonia-
oxidizing bacteria for the purpose of contaminant bioremediation. In this thesis I 
have attempted to examine some properties of cooxidation by ammonia-oxidizers 
that would be relevant toward that end. In particular, I attempted to progress in a 
logical fashion from the studies conducted previously with high cell density 
suspensions of N. europaea under physiologically optimum conditions to those more 
likely encountered in nature. 
By utilizing a low density suspension of N. europaea, I was able to examine 
MeBr cooxidation and NO2 production simultaneously at a rate of NH3 oxidation 
that was similar to that which could be achieved by enriched communities of 
ammonia-oxidizers. As a result, I identified a range of concentrations of MeBr that 
could be cooxidized, yet inhibited NO2- production  50%. Although I hoped to find 
a ratio of concentrations of MeBr to NH4+ that would result in "indefinite" sustained 
cooxidation, instead I found that despite a significant rate of NO2- production, there 
I was a finite observed transformation capacity (T,
ob) of  22 [mot MeBr mg cell dry 
wt.  In addition, when the product of MeBr cooxidation, formaldehyde, accumulated 
to a threshold level ( 0.5 mM), it exerted a significant toxic effect such that the Tccib 
was not independent of cell density, as its definition initially implied (Chang and 
Alvarez-Cohen, 1995). The Tc°b could also be decreased by increasing the 
concentration of MeBr to a level such that the NO2- producing activity of N. 
europaea was severely inhibited. Again, this was in contrast to the initial definition 106 
of Vb, which implied independence from co-substrate concentration (Chang and 
Alvarez-Cohen, 1995). 
One of the most exciting findings of my thesis research was the ability to 
successfully and consistently enrich a population of ammonia-oxidizing bacteria that 
cooxidized MeBr in much the same way that N europaea did. This is particularly 
exciting in light of the extensive evidence that Nitrosomonas is not the numerically 
dominant ammonia-oxidizer in soil (Belser and Schmidt, 1978), yet the majority of 
studies examining cooxidation have been conducted with N. europaea (Bock et al., 
1986). One point of interest is that the cooxidative activity of the population could 
be correlated with its nitrifying activity in a somewhat quantitative manner, such that 
one could predict the likelihood of cooxidizing a particular amount of MeBr given a 
certain level of nitrifying activity. Given the size of ammonia-oxidizer populations 
that exist in soil, there is potential for ammonia-oxidizers to contribute to the 
depletion of atmospheric mixing levels of MeBr in soil without enrichment (Hines et 
al., 1998). There are interesting implications for the cooxidation of fumigation levels 
of MeBr as well, and further studies are needed examining native ammonia-oxidizer 
populations under intact soil structure to determine if activity can be stimulated to a 
high enough level to degrade significant quantities of MeBr. I would like to point 
out that the soil solution MeBr concentration values calculated in the thesis text for 
field fumigation levels represent worse case scenarios, assuming a closed system free 
from any abiotic degradation. Although tarps are utilized during fumigation, there is 
an air-filled space underneath the tarp into which the MeBr escapes, and in all 
likelihood the soil solution concentration would not be as high as I calculated. 107 
Another interesting outcome of the work presented in Chapters 2 and 3 is that, 
although enriching a population of ammonia-oxidizers that was "N europaea-like" 
may at first seem to defeat the purpose of having examined native populations at all, 
enrichment of NH4+ oxidation would likely be necessary for them to cooxidize 
significant contaminant levels. In this context, N europaea would be an appropriate 
model organism for studying cooxidation (because Nitrosomonas is thought to 
respond to enrichment conditions, Belser and Schmidt, 1978) if done so under the 
correct conditions. 
Finally, I obtained evidence that ammonia-oxidizers are capable of 
cooxidizing MeBr under unsaturated soil conditions. This is significant when 
considering that successful fumigation occurs when soil moisture is low, thus 
allowing sufficient distribution of MeBr throughout the soil. And yet, some moisture 
is needed to enhance the biocidal effects of MeBr (Munnecke and Van Gundy, 
1979). Although I predicted that diffusion of MeBr into the soil would be limited 
under saturated soil conditions, and that, like NH3 oxidation, MeBr cooxidation 
would respond to increases in the level of NH4+, I found that soil under saturated 
conditions enhanced the sensitivity of N europaea to inhibition by MeBr. As I 
pointed out in the thesis, this may have been an artifact of the way the experiments 
were prepared. Consequently, more work is warranted to elucidate the effects of soil 
under saturated moisture conditions. In particular, examination of NO2- production 
in the presence of MeBr may shed light on the differential effect of saturated and 
unsaturated soil moisture conditions on MeBr cooxidation. 108 
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